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INTRODUCTION 


This  report  has  beei;  assembled  and  prepared  at  the  request  of  the 
Scientific  Officer  for  JSEP  Contract  N00014-75-C-0632  to  accommodate 
the  following  objectives: 

1.  To  provide  information  concerning  the  general  thrust 
of  research  programs  underway  within  the  Edward  L. 

Ginzton  Laboratory  - not  only  those  of  the  JSEP  pro- 
ject faculty  - but  for  other  research  faculty  as  well. 
Section  II  lists,  for  the  entire  laboratory,  all  on- 
going research  contracts  and  grants,  including  for 
each:  program  title,  Principal  Investigator,  spon- 
soring agency,  annual  rate  and  expiration  date.  The 
"Index  of  Reports"  Supplement  list's,  again  for  the 
entire  laboratory,  all  recent  reports  and  publica- 
tions and  includes  an  abstract  of  each. 


To  record  specific  reports  and  publications  activity 
generated  by  the  JSEP  program  itself.  Section  III 
provides  in  an  organized  form,  copies  of  selected 
representative  journal  articles  of  recent  years 
reporting  JSEP  sponsorship,  and  Section  IV  lists  all 
JSEP  reports  and  publications  for  the  same  period. 
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Signal  Transformation  with  Recirculating 

SAW  Delay  Lines 


CHRIS  M.  FORTUNKO  AND  U.  J.  SHAW 


Abstract  A system  is  described  fur  tiansforming  data  by 
switching  it  into  a bank  of  iceireulatmg  delay  lines  in  one  time 
sequence  and  switching  it  out  in  another  sequence.  This  is 
applied  to  tow  to  column  conversion  when  the  input  data  is 
in  the  for  in  of  an  N X A'  matux.  An  experimental  demonstra- 
tion is  shown  winch  uses  SAW  wiap  aiound  delay  line  chan- 
nels, ti.iiisfouning  a 3 X 3 matrix  of  RF  pulses  of  1 6-/is  length 
and  52  Mil/  carrier  frequency. 

I.  INTRODUCTION 

Data  processing  m real  time  can  be  accomplished  by  storing 
incoming  data  in  banks  of  recirculating  surface  wave  delay 
lines  and  then  reading  out  these  data  in  such  u way  as  to  trans- 
form them  in  a desiicd  fashion  We  consider  here  some  of  the 
propci  ties  of  such  systems  and  describe  Hie  operation  of  a 
simple  piototypo  system,  operating  at  52  MHz  carrier  fre- 
quency, which  pei forms  an  operation  equivalent  to  inter- 
changing die  rows  and  columns  of  a matrix. 

'I lie  basic  appioach  to  the  use  of  delay  lines  foi  such  pur- 
poses is  illustrated  m big.  I . The  essential  item  is  a hank  of 
identical  recirculating  sm face  wave  delay  line  loops.  Input 
data  led  m al  the  input  teimiual  of  the  system  arc  (list iihuted 
among  the  delay  lines  in  some  desiicd  fashion  by  means  of  the 
WKI 1 1-  ciKiutiy.  'I  be  data  enter  the  delay  lines  thiough  in- 


M.imiiiiipl  men  oil  June  8.  1973;  revised  August  24.  1973. 
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big.  1.  block  diagram  of  data  transformation  system  using  closed-loop 
surface  acoustic  wave  delay  lines. 


terdigital  transducers  indicated  as  arrows  in  the  figure.  The 
READ  circuitry  extracts  the  data  from  the  delay  lines  by 
switching  from  one  delay  line  to  another  in  a time  sequence 
which  is  different  from  that  used  for  writing,  to  accomplish 
the  required  transformation  of  the  data  train. 

The  iow-to-coluinn  converter  can  be  used  to  perform  the 
intci mediate  scnal-to-parallcl  conversion  which  is  requited  to 
implement  decomposable  two-dimensional  transforms  yc.g., 
Fourier,  Hadamard).  It  can  also  be  used  to  interface  two  sys- 
tem with  different  speeds. 

II.  ROW-TO-COLUMN 
CONVERSION  USING  CLOSED-LOOP 
SURFACE  ACOUSTIC  WAVE  DELAY  LINKS 
We  consider  now  un  example  of  data  ti.insibrm.uioii.  Let 
the  input  data  stream  be  A M • • • A ( /y  • ■ • Am  • ■ • /1/y/y , 
which  is  ordeied  according  to  lows  of  the  A'  X A'  matrix  in 
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I'lj*.  2 M.itrix  notation. 

Fig.  2.  We  now  show  that  i(  is  possible  to  devise  WRITIs  and 
RliAD  algoiitlum  which  will  convert  this  into  a sequence 
ordeted  by  columns  of  the  matiix,  in  teal  time,  using  only 
a single  tiansduan  on  each  dcla)  line. 

The  transducers  of  Fig.  I can  be  addiessed  at  either  of  two 
rates,  once  per  towot  once  pci  bit.  To  obtain  the  iosv-to- 
column  conveiston  one  of  these  tales  is  applied  to  the  WRITF 
function  and  the  otltei  to  the  RliAD  function,  lutliei  rate 
may  be  applied  to  either  function  giving  two  algoiitbms  f,u 
the  toxv-to-coluum  operation.  Figs.  .1(a)  and  (b)  illnsiiate 
these  two  algorithms.  In  these  diagrams  successive  luni/ontal 
lines  show  the  signals  seen  by  the  tiansduici  in  successive  de- 
lay lutes  as  a function  of  time  tending  to  the  light . The 
sqnates  repiesent  the  signals  intioduced  into  (lie  transdncors 
dming  the  WRITF  opeinlion,  and  the  quantities  between 
ctttved  biachelsate  the  signals  extiaclod  fiom  the  li.insdticers 
in  the  RliAD  operation  The  dashes  indicate  lime  slots  con- 
taining no  signal. 

Fig.  .1(a)  is  for  the  ease  m which  the  WRITF  function  is 
peifotmed  at  the  tow  tale  and  the  RFAI)  function  al  the  hit 
nite  F'aclt  row  of  Fig.  2 is  led  intact  into  a sepatate  delay 
line,  As  indicated  hy  the  diagonal  allays  of  emved  brackets, 
the  sequence  of  gating  on  the  tiansdttccrs  foi  teadout  is  a 
umfomi,  periodic  scan,  1 , 2,  • • • , A',  I , 3,  • • • , A',  ■ • , sequen- 
tially fiom  line  I to  line  A',  in  tepotilive  iycle\  The  final  out 
put  signal  is  shown  at  the  bottom  of  Fig.  .1(a)  Hits  output 
sequence  is  a leal  time  sequence  ftee  of  gaps.oidered  .avoid- 
ing to  columns  (time  icveiscd)  of  the  matrix  of  Fig.  2 

Fig.  .1(b)  lepiesents  the  alternate  algoiithm  in  which  the 
WRITb.  and  RFAI)  switching  tales  have  been  mteiehanged. 
l ot  any  iow  of  input  data  of  Fig.  2,  the  Hist  bit  enteis  the 
In  .1  stoiagc  loop,  the  second  bit  enteis  the  second  loop,  and 
so  lot tli  until  the  entile  row  has  been  stoied,  one  bit  in  each 
delay  line.  Outing  the  RFAO  cycle  the  entire  contents  of 
each  delay  line  aie  sampled,  one  iow  at  a lime.  The  sequence 
(column  output)  shown  at  the  bottom  of  Fig.  .1(b)  is  seen  to 
be  tire  same  as  foi  Fig  3(a),  oideied  aeeoiding  to  the  columns 
(lime  icveiscd)  of  the  matrix  of  Fig.  3.  We  see  that  the  algo- 
iilhms  of  Figs.  3(a)  and  tb)  result  in  output  sequences  whose 
lows  aie  columns  of  the  input  matrix  as  desued.  However, 
both  the  tows  and  the  elements  within  these  rows  appear  in 
the  opposite  lime  sequence  to  the  c<  responding  columns  of 
lug  2 rit.it  is,  the  output  sequences  in  Figs,  3(a)  and  (b)  are 
time  icveiscd  Foi  uses  ol  direct  concent  heie,  (bis  is  not  of 
consequence  ll  it  is  not  desued,  Itowevei,  H can  be  collected 
by  tone -leveismg  the  input  signal  br  mwv  befote  feeding  i ito 
the  dela)  line  loops  Fig  3(c)  shows  Ibis  belt  rvioi  The 
signals  within  each  iow  have  been  lune-ieveised  befoie  msei- 
Iton  m!o  the  debt)  hue  loops  I lus  lime  leversal  could  be 
doni  m a device  having  a time  delay  ol  A'-slock  mtcivals. 


ruthei  than  A'  X A' as  would  be  icipined  if  iow  to-iow  time 
tcversal  vvcio  also  involved.  A paiametiic  acoustic  time  le 
versa!  could  be  employed  for  this  o|H'ialion. 

When  one  transducer  is  used  on  each  reciieuhitmg  delay 
line,  a total  of  A'  delay  lines  aie  lequhed  to  stoic  one  A'  X A' 
mntiix  and  interchange  its  rows  and  columns  in  ical  time  with- 
out gaps.  The  matrix  elements  which  aie  stoied  longest  make 
at  least  2A'-  2 round  trip  circulations.  The  time  delay  pci 
circulation  is  A'  * I sampling  intervals.  To  accomplish  the 
same  for  a sequence  of  N X A'  maliiccs,  two  identical  sets  of 
A'  delay  lines  each  can  he  used  by  feeding  successive  mail  ices 
alternately  to  the  two  sols  of  delay  lines.  The  maximum 
number  of  ciiculations  of  data  around  the  delay  loops  can 
be  decteased  by  using  ntoic  than  one  transdueei  per  delay 
line. 

Ftg.  *1  is  a functional  diagiam  of  a system  which  can  be 
used  to  implement  the  switching  sequences  of  Figs.  3(a)  and 
(b).  The  WRITF  and  RliAD circuits,  which  would  oidmaiily 
consist  of  semiconductor  ciicuitiy,  aie  icpiesenled  symbol! 
tally  by  rotaiy  switches  which  scan  a set  of  terminals  at  con- 
stant rates.  The  WRITF  and  RF’AI)  switches  can  be  con- 
ceived of  as  identical,  except  that  they  lotate  m opposite 
directions  and,  while  their  lolation  lates  aie  constant,  they 
aie  ditioicni  for  the  two  switches,  m oidci  to  implement  the 
diffcient  WRITF  and  RFAI)  tales  discussed  m eoimeetion 
with  Fig.  3.  Foi  the  algoiitlun  of  Fig,  3(a)  the  WRI I F svviuli 
dwells  on  each  contact  foi  the  iow  time  ol  Fig  3,  i e , A' 
clock  intcivals,  thus  making  one  complete  levolutton  m the 
fiame  timc.oi  A’}  clock  mtcivals.  The  KFAD  switch  makes 
one  levolutton  in  the  iow  tune  and  thus  totales  at  A1  tunes  the 
velocity  of  the  WRITIs  switch.  The  RliAD  switch  is  delicti 
sated  while  the  WRI  I F switch  is  activated,  and  vne-veisa  lo 
implement  the  algoiithm  of  Fig.  3(b)  the  lolation  tales  ol 
these  two  switches  ate  mteiehanged 

The  surface  wave  delay  loops  have  louud  mp  lime  delay 
sufficient  foi  A' a I addiesscs,  to  piovide  ical  time  output 
sequences,  as  deseuhed  m lonnection  with  Fig  i 

III.  Dlil.AY  LINK  DKSHiN 

The  simplest  system  would  use  closed-loop  svtap-anmnd 
delay  lines  [2,  3|  duectly  as  lecucubtliiig  delay  lines,  keeping 
the  input  signals  on  the  delay  lines  loi  the  i nine  numhei  ot 
reciiculations.  Hanks  of  such  delay  lines  aie  loadily  eon 
structed  to  have  identical  tound  tup  time  delay  Suilace 
wave  amplifieis  could  be  lov-  ed  within  the  closed  loops  to 
mamt.un  signals  al  constant  level  icg.udless  ol  the  total  mini 
bei  of  ciiculauons  [-1,  5) . lne  same  suit.ue  wave  amplifieis 
could  also  be  used  lo  erase  all  data  icmammg  m tli ' sloiage 
migs  following  the  completion  ot  the  RFAI)  WRI  1 1'  ey  sic, 
by  icveismg  the  pokuity  of  the  applied  bias  soilage 

If  a single  tiausdiivei  is  used  on  each  delay  line  loop  as 
desciibed  cailiei . the  Ioc.iIhui  of  the  n.msdmci  along  the 
delay  hue  axis  would  not  be  ci ideal . as  it  docs  noi  cited  (lie 
iouiuI  tup  tunc  delay  Alternatively , sepaialc  WRI  i I-  and 
RliAD  liaiisdiweis  could  be  used  in  each  loop,  with  the 
spacing  between  ti.msdikcis  made  identical  I nun  loop  to 
loop  Hus  would  present  no  pioblem  luvaase  the  WRI  l l 
and  RFAI)  ti.msduceis  can  readily  be  sp.ucd  sulliuenlly 
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Fin.  4.  Funcli0n.1l  diagram  of  low-to-colmnii  converloi  using one  trans- 
ducer per  storage  loop.  WRITE  switch  switches  from  ope  storage 
loop  to  next  after  duration  of  S bits  while  lU'AI)  switch  switches 
from  one  storage  loop  to  next  at  every  hit,  or  vice  versa. 

dose  together  to  allow  both  to  he  deposited  from  the  same 
mask.  The  choice  between  single  transducers  and  \VR1  TH- 
READ pairs  would  be  made  on  the  basis  of  details  of  the 
switching  algorithm  used. 

It  is  important  for  all  surface  wave  delay  loops  to  have  the 
same  round  trip  time  delay.  In  the  fabrication  of  wrap 
around  closed  loop  lines,  this  is  the  easiest  specification  to 
satisfy,  and  it  can  be  accomplished  with  high  acemacy. 

If  there  is  only  one  transducer  pet  loop,  the  round  trip 
time  delay  of  the  loops  could  be  corrected  experimentally  by 
localized  adjustments  made  an)  w here  within  the  loops  This 
could  be  implemented  by  means  of  an  electronic  feedback 
system  which  would  compensate  for  effects  of  temperature 
change,  clock  drift,  and  any  other  instabilities.  Fleet  tonic, dly 
variable  phase  shifting  elements  for  surface  wave  delay  lines 
have  been  demonstrated  (f>|  which  would  be  of  interest  fot 
this  put  pose  This  approach  could  also  be  used  to  keep  the 
tound  tup  delay  aiound  the  loops  identical  to  N * I clock 
mtcivals,  in  cases  where  (lie  clock  frequency  is  set  externally. 


NO  1 1 

It)  IMANT OUCt  MS  NJt  DRAWN  TO  SCAI 1 

Fir.  5.  Wrap  around  r elay  line  configuration  nsert  In  rovv-to-column 
conversion  of  3x3  matrix. 


IV,  EXPERIMENTAL  DEMONSTRATION  MODEL  USING 
3X3  MATRIX 

We  have  constructed  a prototype  model  of  the  system  il- 
lustrated in  Fig.  4.  The  model  uses  a single  2 in  X I in  wrap 
aiound  bismuth  germanium  oxide  plate  oriented  lor  propaga- 
tion of  surface  acoustic  waves  along  the  1 10  crystal  direction 
on  /-cut  surfaces.  The  delay  lute  construction  and  the  com- 
plete device  circuit  diagiam  ate  shown  in  lugs.  5 and  6,  re- 
specti  \ . 1 he  system  sampling  rate  is  I (>  jts  bit  with  each 
storage  loop  capable  of  storing  four  complete  bits  of  data. 

The  polished  surface  of  the  delay  line  plate  has  been  subdi- 
vided into  throe  equivalent  stoi.ige  'oops  with  tlun  strips  of 
black  wax  for  cross-talk  suppression.  One  intcuhgital  trans- 
ducer is  used  m each  storage  loop.  These  transducers  are  of 
standard  design  with  8 mtci digital  penods  and  0.050  m acous- 
tic bcamwidth,  and  are  fahneated  using  gold-titanium  deposi- 
tion. Each  transducer  is  individually  tuned  with  a lugh(J 
tniiiiutiiii/cd  senes  inductor  to  cam  el  the  capacitive  reactance 
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of  the  intcrdigital  array.  This  tuning  is  important  for  maxi- 
mi?.ing  the  off-on  ratio  of  the  semiconductor  RF  switch. 

The  RF  READ  and  WRITE  switches  consist  of  a pair  of  tan- 
dem 6-diode  bridges  connected  to  the  transducer  witlt  a short 
length  of  rigid  coaxial  cable.  Each  diode  bridge  is  separately 
controlled  by  a Schmitt  driver  circuit  which  is,  in  turn,  acti- 
vated by  a TTL  logical  “1”  level.  The  duration  of  the  logical 
“l”  level  determines  precisely  the  length  of  time  a particular 
tap  remains  connected  to  a common  coaxial  bus  line.  With 
inductive  tuning  the  physical  tap  turn  on  time  is  less  than  30 
ns,  which  is  insignificant  compared  with  the  length  of  one  bit 
of  data  (16  ps). 

The  algorithm  of  Fig.  3(b)  was  arbitrarily  chosen  for  the 
READ  and  the  WRITE  operations.  The  input  data  are  writ- 
ten in  bit  by  bit,  placing  successive  bits  sequentially  in  succes- 
sive storage  loops.  Each  delay  line  storage  loop  then  has  cir- 
culating in  it  the  data  from  one  column  of  the  matrix.  During 


the  readout  cycle,  the  entire  contents  of  individual  delap  loops 
arc  sampted  in  blocks. 

In  Fig,  7 we  make  use  of  a spacc-timo  flow  diagram  to  show 
the  location  of  each  bit  of  data  at  any  time.  We  restrict  the 
diagram  of  the  special  case  of  the  3X3  matrix  used  in  out 
experimental  model.  Thus  the  individual  hits  of  data  are 
labeled  A through  J corresponding  to  the  older  in  time  in 
which  they  ate  stored.  The  solid  lines  drawtt  mound  a particu- 
lar character  denote  a WRITE  interval  while  a broken  line  is 
used  to  denote  a READ  interval.  Also  shown  in  Fig.  7 ate  the 
relative  positions  of  the  3X3  matrix  elements  befote  and 
after  the  tow-to-column  conversion  operation.  Note  that  the 
columns  are  time  teveiscd,  as  discussed  eatlier.  in  Fig.  8 we 
show  expeiimental  oscilloscope  displays  of  the  RF  envelopes 
of  two  of  the  many  possible  data  sequences  of  a binaiy  3 X 3 
matrix.  The  lowet  trace  in  each  display  represents  the  data 
sequence  before  storing  in  the  delay  line  stoiage  bank  while 
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Pig.  7.  Space-time  data  flow  diagram  foi  3x3  matrix  row-to-coliinm 
converter. 


tlu-  upper  trace  shows  the  rectified  Rb  output  signals  read 
front  the  storage  bank.  The  output  signals  ate  not  uniform 
in  amplitude  because  of  the  differences  in  propagation  loss 
associated  with  the  different  time  delays  of  individual  bits. 

In  general,  the  first  bits  to  be  written  on  the  suiface  of  the 
loop  delay  line  are  the  last  to  be  read  and  thus  are  subject  to 
the  most  attenuation.  (In  this  demonstration  model  we  did 
not  employ  a SAW  amplifier  to  internally  compensate  for  the 
propagation  losses  of  the  signal.)  It  must  also  be  noted  that 
the  lower  and  iipjier  oscilloscope  traces  of  big  8(a)  and  (b) 
do  not  occur  simultaneously.  The  traces  were  photographed 
separately  by  a double  exposure  of  the  film 

V.  CONCLUSIONS 

A system  has  been  dcsciibed  in  which  row  lo  column  con- 
version is  accomplished  in  a set  of  simple,  identical  delay  lines, 
involving  tolerances  which  should  be  readily  achievable,  and 
which  could  be  electronically  controlled  to  compensate  for 
clock  errors  and  tempeiatuie  changes.  Writing  in  the  input 
data  and  reading  out  the  output  data  can  be  accomplished 
directly  in  real  tune  by  means  of  switching  circuits.  No  auxil- 
iary tune  delays  are  involved  other  than  those  produced  in  the 
mam  bank  of  identical  delay  lines.  This  avoids  any  pioblems 
of  matching  of  dissimilar  delay  lines. 

In  these  systems,  the  data  move  along  the  delay  lines,  and 
me  thus  scanned  by  the  transducers,  by  reason  of  the  inherent 
piopagadon  characteristic  of  the  acoustic  wave,  without  re- 
quiring external  drivers.  The  inherent  capability  of  the  hues 
to  handle  either  analog  01  digital  data  is  also  preserved. 

Prospects  for  handling  huge  matrices  aie  good  because  ot 
the  huge  tune  delay  and  bandwidth  capabilities  ot  leeueulatmg 
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surface  wave  delay  lines.  Luge  data  rates  ate  in  prospect  be- 
cause standard  approaches,  to  broadband  surface  acoustic 
wave  transducers  [7)  can  he  utilized.  Also,  the  systems  are 
compatible  with  frequency  multiplexing  in  the  individual  de- 
lay lines  of  the  bank,  to  take  further  advantage  of  the  veiy 
broad  band  propagation  characteristics  on  the  d'day  line  sm- 
faccs,  allowing  a higher  physical  density  of  data  stoiage.  They 
arc  also  compatible  with  time  multiplying  m the  individual 
lines  to  allow  matching  of  data  rates, 
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Electronically  focused  acoustic  imaging  device 

J.  F.  Havlice,  G.  S.  Kino,  and  C.  F.  Quate 

Microwave  Laboratory,  W.  W.  Hansen  Laboratories  of  Physics,  Stanford  University,  Stanford,  California  94305 
(Received  4 September  1973) 

A new  type  of  acoustic  imaging  device,  which  scans  a large  array  of  piezoelectric  detectors  is 
described.  Scanning  is  carried  out  by  a signal  traveling  along  an  acoustic  surface  wave  delay  line. 

The  device  can  be  electronically  focused,  and  has  given  images  of  objects  20  cm  from  the  detector 
array,  illuminated  with  a 5-MHz  acoustic  wave,  with  a definition  of  1 mm. 


We  describe  in  this  paper  experiments  on  a new  type  delaying  one  pulse  with  respect  to  the  other,  a complete 
of  acoustic  imaging  device,  which  uses  signal -process-  raster  scan  may  be  obtained  in  this  way. 

ing  techniques  to  focus  on  an  acoustic  image  object  ..  „ , . , . , 

, . ...  . .,  . . . ...  ...  It  would  normally  be  necessary  to  use  a lens  to  form 

plane  at  some  distance  from  the  detector,  without  the  , . 1 ..  .......  ,, 

use  Of  an  acoustic  lens  an  image  of  an  acoustlcally  illuminated  object  at  a dis- 

tance z from  the  detector  system.  However,  this  device, 

The  basic  device  is  illustrated  in  one-  and  two -dimen-  unlike  camera  film,  retains  phase  information  as  well 

sional  forms  in  Figs.  1(a)  and  1(b).  In  the  one-dimen-  as  amplitude  information..  We  have  shown  that  with  the 

sional  form,  it  consists  of  a large  number  of  piezoelec-  correct  choice  of  signal  sent  along  the  delay  line,  it  is 

trie  detectors,  which  are  used  to  detect  an  acoustic  possible  to  use  this  phase  information  in  a simple 

image  signal  from  an  object  illuminated  separately  manner  to  "electronically  focus”  on  an  object  at  some 

either  by  an  acoustic  wave  passing  through  it  or  reflect-  distance  from  the  detector.  So  no  acoustic  lens  is 
ed  from  it.  A multiply  tapped  delay  line  (in  our  case  an  required, 
acoustic  surface  wave  delay  line)  is  used  as  the  basic 

scanning  device.  There  is  one  tap  for  each  detector  and  To  B|A$  une 

the  output  signal  from  each  tap  is  mixed  In  a diode  . 

mixer  with  the  output  from  the  corresponding  piezoelec-  I — > 

trie  detector.  If  a signal  is  inserted  on  the  delay  line  at 
frequency  u>t,  and  the  signal  corresponding  to  the 
acoustic  image  is  at  a frequency  &>„  there  will  be  output 
signals  from  the  individual  mixers  at  the  sum  frequency  sound 

+ w,  and  the  difference  frequency  tu,  - u>,;  these  WAVES  w 

signals  are  the  products  of  the  acoustic  surface  wave 
signal  at  each  tap  and  the  signal  from  the  corresponding 
detector.  In  the  system,  the  mixer  outputs  are  summed 
and  either  the  sum  or  difference  frequency  is  passed 
through  a filter  into  the  output  circuit. 

In  order  to  understand  the  operation  of  this  device, 
we  first  consider  the  situation  when  a short  pulse  of 
frequency  o>i  is  sent  along  the  acoustic  delay  line.  In 
this  case  an  output  signal  is  obtained  at  the  sum  fre-  0uT^UT+  S^GNAL 

quency  only  when  the  pulsed  signal  passes  by  a tap  and  s 1 

there  is  a signal  present  on  the  corresponding  detector.  <a* 

As  the  pulse  passes  along  the  delay  line,  it  scans  each 
detector  in  turn  so  that  the  output  may  be  used  to  inten- 
sity modulate  a cathode  ray  tube,  and  hence  display  a * delay  line  — - ui°+cuU+w 

visual  image  corresponding  to  one  line  of  the  acoustic  1 } s y 0ELA 

image.  The  acoustic  pulse  thus  acts  like  the  scanning  *' 

electron  beam  in  a vidicon.  .-raster  / 

In  the  two-dimensional  version  of  this  device,  illus-  \ ( UNES^ / * / 

trated  in  Fig.  1(b),  a square  array  of  piezoelectric  de-  j ^ ® / 

tectors  is  used  with  diode  mixers  placed  in  series  with  ^ / 

each  element  of  the  array.  When  a pulse  of  frequency  x scanuj  ^ 

u>i  is  sent  along  the  acoustic  delay  line  in  the  x direc- 

tion  and  inserted  into  the  piezoelectric  detector  system  " /, (''j 

along  strips  in  the  y direction,  it  produces  a mixed  out-  sound  ^ / I 
put  at  a frequency  oij  + <os.  If  the  output  signals  are  WAVES  ws  ^ / 

taken  out  of  strips  in  the  x direction  and  mixed  with  /{ FET  /l 

similar  signals  passing  along  another  delay  line  in  the  y SCAN  w 

v direction,  but  of  frequency  w2,  an  output  at  a frequency  <b)  2 

w‘ + + iS  0btained  0n‘y  at  the  time  when  the  tW0  FIG.  1.  Schematics  of  the  imaging  device:  (a)  the  one-din 

pulses  are  passing  a particular  detector  element  This  sional  device  (with  the  complete  circuit);  lb)  the  two-dime 

corresponds  to  scanning  a line  at  45°  to  the  .r  axis.  By  sional  device  (without  the  complete  circuit). 
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FIG.  1.  Schematics  of  the  imaging  device:  ta)  the  one-dimen- 
sional device  (with  the  complete  circuit);  lb)  the  two-dimen- 
sional device  (without  the  complete  circuit). 
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We  may  analyze  the  focusing  properties  of  the  one- 
dimensional  form  of  this  device  by  considering  how  it 
forms  an  Image  of  a line  source  a distance  2 from  the 
detector  plane.  We  take  the  projection  of  this  line 
source  on  the  detector  plane  to  be  a distance  x0  along  it. 

The  shortest  ray  path  to  the  detector  plane  is  of  length 
2,  and  the  length  of  a ray  path  from  the  line  source  to 
the  nth  detector  element  with  its  center  at  the  element 
x„is 

= (1) 

so  that  in  the  paraxial  approximation,  where  we  take 
(x„  -x0)*«  z*,  we  find  that 

!.*«  + (*.-*, o)a/2z.  (2) 

If  the  signal  emitted  from  the  point  source  varies  as 
exp (;«„/),  the  phase  of  a signal  arriving  at  a point  x„ 
on  the  detector  array  is 


6 =w  (t~— 

2ze„  )' 


(3) 


where  vw  is  the  velocity  of  sound  in  the  medium  between 
the  detector  and  the  source.  Thus  there  will  be  a 
square -law  variation  of  phase  of  the  acoustic  signal 
along  the  plane  of  the  detector.  In  an  acoustic  Imaging 
system  this  square  law  variation  of  phase  could  be  com- 
pensated by  the  presence  of  a lens,  so  that  rays  leaving 
a point  source  had  the  same  phase  delay  between  the 
source  point  and  the  Image  point.  In  our  case,  we  ar- 
range to  eliminate  this  square-law  variation  of  phase  by 
sending  an  electrical  signal  along  the  surface  wave  de- 
lay line  which  has  the  same  square-law  variation  in 
phase,  but  one  with  an  opposite  sense.  Therefore,  the 
output  signal  at  the  sum  frequency  has  no  variation  in 
phase.  To  obtain  this  signal,  we  insert  in  the  delay  line 
a linear  FM  chirp  of  frequency  v = w,  + nt  which  has  a 
phase 

<t>o  = U\t  (4) 

At  a point  x„  on  the  delay  line  the  phase  of  this  signal  Is 

<>0i.=  wt(/  ~xn/v)  + ip(/  -xjv)1.  (5) 

It  follows  that  the  product  of  the  FM  chirp  and  the 
acoustic  image  signal  has  a phase 


<f>„  =(«,  + «,)! 


o),z 

V* 


oh*. 

V 


l/i  _£lV 

1 v I 2tvv 


(6) 


at  the  nth  tap. 

It  will  be  seen  that  if  the  spacing  between  taps  is 
chosen  so  that  wtr„/o=  2mr,  the  sum  frequency  signals 
from  each  mixer  all  have  the  same  phase  if 


t = t0  = x0/v, 

M = v,v‘/zvw. 


(7) 

(8) 


Equation  (7)  Implies  that  the  system  only  focuses  on  the 
point  x0  at  a given  time  t0,  i.e.,  it  scans  the  image  at  a 
velocity  v.  Perfect  focusing  occurs  on  a point  at  a dis- 
tance 2 from  the  detector  if  the  sweep  rate  is  chosen  to 
correspond  to  that  of  Eq.  (8).  Thus  changing  the  sweep 
rate  is  equivalent  to  changing  the  focal  plane  of  the  lens. 


The  theory  of  this  device  has  been  worked  out  in  some 
detail.  It  has  been  shown  that  if  the  total  length  of  the 
detector  system  array  is  L,  the  output  signal  from  a 
line  source  at  (x0>  x)  varies  approximately  as 

sin[o)>L(xn -vt)/2zvj[ 
ij),L(x0  - vt)/2zvK 

So  the  effective  size  of  the  diffraction-limited  spot  (the 
distance  between  points  4 dB  below  the  maximum  ampli- 
tude value)  is 


Ax  = zX/L, 


0) 


where  X is  the  acoustic  wavelength.  With  the  same  de- 
finition of  spot  size,  this  result  is  Identical  to  that  for 
an  optical  lens  of  the  same  aperture. 1 

Because  there  Is  a finite  number  of  detector  elements, 
there  will  be  additional  sldelobes  at  points  a distance 
d , = zkN/L  from  the  main  lobe,  where  N is  the  number 
of  detector  elements.  The  sldelobes  correspond  to  an 
extra  2j?  phase  shift  between  rays  reaching  neighboring 
detectors.  Thus  the  number  of  resolvable  spots,  rf,/Ax, 
is  approximately  equal  to  the  number  of  detector 
elements. 

We  have  carried  out  a series  of  experiments  with  30 
element  arrays  made  from  a piezoelectric  strip  approxi  - 
raately  1 cm  wide.  One  system  used  detector  elements 
spaced  by  2 mm  (and  operated  at  4 MHz),  with  a 50- 
MHz  signal  on  the  delay  line.  With  this  system,  we  car- 
ried out  measurements  of  the  chirp  rate  as  a function 
of  the  distance  to  the  focal  plane.  This  was  determined 
by  using  a small  source,  and  changing  the  sweep  rate 
until  the  output  amplitude  reached  a maximum,  and  the 
width  of  the  output  pulse  a mlnlmlm.  As  will  be  seen 
from  Fig.  2,  the  correspondence  between  theory  and 


Z (cm) 


FIG.  2.  Theoretical  and  experimental  sweep  rates  of  the  linear 
FM  chirp,  taken  at  4 MHz. 
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1 cm 


FIG.  3.  Acoustic  Imago  of  a small  crescent  wrench  located 
30  cm  from  the  detector  array. 


experiment  is  excellent.  In  this  case,  the  definition  at 
a distance  of  25  cm  was  of  the  order  of  4 mm  and  the 
Increase  In  amplitude  obtained  with  only  18  detectors 
illuminated  (due  to  the  small  acceptance  angle  of  the 
Initially  unslotted  piezoelectric  strip)  was  23  dB  over 
that  from  a single  detector,  which  corresponded  well 
with  theory. 

A later  30  element  array  with  slots  betwocn  the  de- 
tector elements  had  a much  larger  acceptance  angle;  it 
operated  at  5 MHz  with  1.2-mm-wlde  elements  2 mm 
apart.  With  It,  It  was  possible  to  observe  slots,  ap- 
proximately 1 mm  wide  and  2 mm  apart,  In  a standard 
metal  Air  Force  chart,  20  cm  from  the  detector  plane. 


The  calculated  resolution  for  this  system  at  the  same 
distance  was  0. 06  mm. 

From  behind,  through  a narrow  slit,  we  also  llluml  - 
nated  an  object,  a simple  wrench,  25  cm  from  the  de- 
tector. We  moved  the  wrench  up  and  down  mechanically 
so  as  to  obtain  a two-dimensional  scan.  A photograph 
of  this  Image  Is  shown  in  Fig.  3.  It  will  be  seen  that  the 
reproduction  is  excellent  and  that  the  definition  Is  of  the 
order  of  1 mm  in  the  horizontal  direction,  the  direction 
of  the  electronic  scan. 

In  summary,  we  have  demonstrated  a new  type  of 
electronically  focused  scanning  system.  The  system 
has  been  tested  with  an  electronic  scan  in  one  direction 
and  a mechanical  scan  in  the  other.  All  parameters  of 
the  system  correspond  well  to  theory.  The  basic  princi- 
ples of  the  two-dimensional  system  are  understood  and 
wo  hope  to  construct  a two-dimensional  electronically 
focused  system  of  the  type  shown  In  Fig.  1(b)  within 
the  next  few  months. 
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Storage  of  acoustic  signals  in  surface  states  in  silicon* 

H.  Hayakawa*  and  G.  S.  Kino 
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(Received  2 May  1974) 

An  acoustic  wave  storage  device  capable  of  storing  an  acoustic  surface  wave  signal  for  times  of  up 
to  several  milliseconds  is  described.  The  principle  of  the  device  is  based  on  that  of  the  acoustic 
surface  wave  convolver,  with  the  information  stored  in  surface  states  in  silicon.  It  is  expected  that 
the  storage  time  will  ultimately  be  as  much  as  10-30  msec  for  signals  with  modulation  frequencies  of 
tens  of  megahertz.  At  the  present  time,  we  have  seen  storage  of  pulses  approximately  0.4  jxsec  long 
for  times  of  approximately  2 msec,  but  some  of  these  early  devices  seem  to  be  capable  of  yielding 
storage  times  as  long  as  7 msec. 


Storage  of  acoustic  signals  for  times  of  several  milli- 
seconds may  be  obtained  by  using  storage  of  information 
in  surface  stab  s in  silicon.  For  this  purpose  we  employ 
an  acoustic  surface  wave  convolver  in  which  the  non- 
linear coupling  between  two  surface  waves  is  due  to  elec- 
tric field  interaction  with  a semiconductor  such  as  sili- 
con separated  from  the  piezoelectric  substrate  (typically 
LiNbOj)  by  a small  airgap. l"5  When  signals  of  frequency 
w are  inserted  at  each  end  of  this  device,  the  output  at 
a frequency  2w  is  obtained  between  the  silicon  and  a 
metal  plate  on  the  opposite  side  of  the  piezoelectric  sub- 
strate, as  illustrated  In  Fig.  1.  If  one  of  the  input  sig- 
nals Is  a short  pulse,  output  will  be  obtained  at  a fre- 
quency 2w  from  the  point  on  the  silicon  which  the  pulse 
is  passing  at  time  /.  If  the  surface  of  the  silicon  is  de- 
pleted by  a positive  dc  potential  applied  between  the 
silicon  and  the  metal  plate,  the  thickness  of  the  deple- 
tion layer  will  depend  on  the  field  due  to  the  applied  dc 
potential,  and  the  extra  field  due  to  the  presence  of  sur- 
face charges  at  the  surface  of  the  silicon.  In  this  case 
the  output  signal  obtained  when  the  device  is  used  as  a 
convolver,  with  one  of  the  inputs  a short  pulse  and  the 
other  a long  pulse,  will  vary  In  time  in  accordance  with 
the  spatial  variation  of  surface  charge  carrier  density 
along  the  surface.  Thus  it  Is  possible,  by  using  a con- 
volver, to  read  out  the  variation  of  surface  state  charge 
density  along  the  length  of  the  device.  This  output  can 
be  obtained  as  the  modulation  of  a carrier  frequency 
2w. 

It  is  possible  to  construct  a storage  device  by  reading 
acoustic  information  into  the  surface  states  from  an 
externally  applied  signal.  When  a dc  potential  which  is 
sufficient  to  bring  the  surface  potential  near  to  the 
center  of  the  bandgap  is  applied  to  the  semiconductor, 
the  surface  states  at  the  silicc.i  surface  will  be  depleted. 
Now  suppose  a large  signal  short  pulse  is  sent  along  the 
device  from  one  of  the  input  transducers.  If  the  signal 
is  large  enough  at  the  peak  of  the  rf  cycle,  the  potential 
at  the  surface  becomes  positive  enough  for  electrons 
to  reach  the  surface  from  the  neutral  region  of  the 
semiconductor  and  be  trapped  in  surface  states.  These 
electrons  will  be  emitted  from  the  surface  states  in  a 
time  which  depends  on  the  surface  state  recombination 
time.  If  an  additional  signal  which  we  wish  to  store 
is  inserted  between  the  Si  and  the  ground  plate  while  the 
pulse  is  sent  down  the  delay  line,  the  amount  of  charge 
stored  in  the  surface  states  will  be  modulated  by  the 
amplitude  of  the  pulse,  and  so  the  signal  F(t)  applied 
into  the  plate  will  be  read  spatially  into  the  surface 
states  in  the  form  FXv'r)  where  r is  the  velocity  of  the 


acoustic  pulse.  It  is  necessary,  of  course,  that  in  order 
to  obtain  storage  of  a signal  the  storage  pulse  length 
must  be  shorter  than  the  rise  time  of  the  input  signal. 

Following  the  treatment  of  Nicollian  and  Goetzber- 
ger, 4 it  can  be  shown  that,  for  an  «-type  semiconductor, 
the  time  constant  for  emission  of  electrons  from  a con- 
tinuum of  traps  at  the  surface  is  approximately 

T * i = exp[-g(».-»t)/fer]  (1) 

” °nViltnn,  o o„v{h„n, 

where  o„  is  the  capture  cross  section  for  electrons,  re- 
garded as  essentially  uniform  over  the  bandgap,  vih„  is 
the  thermal  velocity  of  electrons,  n,0  is  the  electron 
charge  at  the  surface  after  equilibrium  has  been  reached 
in  the  presence  of  an  applied  dc  potential,  ip,  and  tpb  are, 
respectively,  the  surface  potential  and  the  potential  in 
the  neutral  region  relative  to  the  intrinsic  level,  and  n, 
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FIG.  1.  Schematic  representation  of  the  device,  (a)  Read-in 
process:  An  intense  110- MHz  acoustic  pulse  of  approximately 
1 W whose  length  is  0. 2 psec  is  sent  into  the  delay  line  from 
one  transducer.  The  signal  which  is  to  be  stored  (in  this  case 
a double  pulse)  is  inserted  from  a contact  on  the  top  surface 
of  the  silicon,  (b)  Read-out  process:  Two  acoustic  pulses  of 
frequency  110  MHz,  one  of  which  is  a short  pulse  and  the  other 
is  a long  pulse,  are  sent  from  either  end  of  the  delay  line.  A 
signal  at  a frequency  of  220  MHz  is  detected  between  contacts 
on  the  top  surface  of  the  silicon  and  the  grounded  bottom  side 
of  an  LiNbOj  delay  line.  In  both  cases,  a dc  bias  voltage  is  ap- 
plied in  order  to  deplete  the  surface  of  the  silicon. 
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We  might  expect,  therefore,  that  when  the  surface 
potential  is  held  near  the  center  of  the  bandgap,  the 
storage  time  r„,  could  be  several  tens  of  milliseconds. 
But  as  the  surface  potential  is  raised  to  form  an  accumu- 
lation layer  near  the  surface  so  that  ns~  1016  cm"3,  the 
time  for  filling  the  traps  could  be  of  the  order  of  nano- 
seconds, although  a sufficiently  large  number  of  traps 
would  be  required  so  as  to  make  the  presence  of  filled 
or  unfilled  traps  detectable. 

In  our  experiments,  we  used  a LiMb03  substrate  with 
a bulk  silicon  semiconductor  separated  from  it  by  an 
airgap  of  approximately  3000  A.  The  experiments  to  be 
described  here  were  carried  out  using  100-ficm  >i-type 
material,  with  an  oxide  layer  of  approximately  1000  A 
thickness  and  a surface  state  density  of  approximately 
10"  cm"2. 


BIAS  VOLTAGE  IkV) 

FIG.  2.  Storage  time,  convolution  output,  and  Insertion  loss  as 
a function  of  bias  voltage.  The  convolution  output  and  the  In- 
sertion loss  are  normalized  by  taking  values  without  bias  as 
references. 


is  the  intrinsic  carrier  density.  The  rate  at  which  the 
number  of  surface  states  XSS(U'  in  the  range  <I>1  are 
filled  from  the  neutral  region  is 

(2) 

where  it  is  assumed  for  simplicity  that  all  states  are 
unfilled  initially.  Thus  if  we  express  »,  in  terms  of 
thermal  equilibrium  statistics,  we  come  to  the  conclu- 
sion that  we  can  deduce  a filling  time  t„f  for  the  traps 
by  writing  R„/NtidC'=  1 r„f  or 


We  first  operated  the  device  as  a convolver  in  the 
circuit  shown  in  Fig.  1(b)  and  measured  the  convolution 
output.  With  a dc  bias  applied  to  the  system,  the  semi- 
conductor surface  would  normally  be  depleted.  Next  an 
intrinsic  1 W 110  MHz  rf  pulse  is  inserted  and  sent 
along  the  system.  The  silicon  surface  states  are 
charged  with  electrons  so  that  the  depletion  layer  be- 
comes still  thicker  and  the  convolution  output  decreases. 
As  the  surface  states  discharge,  the  successive  convo- 
lution outputs  increase  to  the  initial  value.  The  time 
constant  of  the  surface  states,  which  we  define  as  the 
storage  time,  depends  on  the  dc  bias  voltage.  The 
storage  time,  the  initial  convolution  output,  and  the  in- 
sertion loss  as  a function  of  bias  are  plotted  in  Fig.  2. 

It  will  be  seen  from  this  set  of  results  that  the  storage 
time  and  the  convolution  output  reach  a maximum  around 
a bias  of  1, 5 kV,  while  the  insertion  loss  reaches  a 
minimum.  This  means  that  at  this  bias  voltage  the  sili- 
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FIG.  3.  (a)  Read-in  sig- 
nals: The  top  trace  is  the 
acoustic  pulso.  The  bottom 
trace  is  a double  negative 
pulse  signal.  (The  pulse 
amplitude  Is  50  V. ) (b) 
Read-out  signal:  The  top 
two  traces  are  the  two 
acoustic  pulses  which  are 
sent  from  either  end  of 
the  delay  line.  The  bottom 
trace  Is  tho  stored  double 
negative  pulse  signal  read 
out  at  a frequency  of  220 
MHz  after  100  p sec.  (c) 
Read-out  signal  after  100- 
psec  double  positive  pulse 
input,  (d)  Read-out  signal 
after  1 msec.  In  all  cases 
the  repetition  rate  of  the 
signals  is  much  longer 
than  the  measured  storage 
time.  Time  scale:  1.0 
psec  div.  do  bias  voltage: 
1.5  kV. 


(d) 
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con  surface  is  completely  depleted,  i.e.,  the  surface 
potential  reaches  the  midgap  condition.  A further  in- 
crease in  the  bias  causes  the  surface  to  be  Inverted, 
resulting  in  a decrease  of  the  storage  time  because  of 
recombination  of  trapped  electrons  with  holes.  In  a 
lower  bias  range,  the  storage  time  increases  exponen- 
tially with  the  bias  at  the  rate  predicted  by  Eq.  (1).  By 
extrapolating  the  curve  of  the  storage  time  to  the  mid- 
gap point,  we  can  determine  the  capture  cross  section 
o in  Eq.  (1)  to  be  2xlo16  cm'*,  which  is  in  good  agree- 
ment with  the  results  of  Nicollian  and  Goetzberger.  * 

A second  set  of  experiments  involved  using  a short 
acoustic  pulse  as  a read -in  signal.  We  used  the  storage 
in  the  surface  state  as  a memory  for  a double  pulse  in- 
serted on  the  semiconductor  to  which  a dc  bias  was 
applied,  as  shown  schematically  in  Fig.  1(a).  After 
these  writing  processes,  we  were  able  to  read  out  the 
signal  in  a convolution  process  by  sending  a second 
acoustic  pulse  through  the  device  as  shown  in  Fig.  1(b). 
Under  optimum  conditions,  we  obtained  a double  pulse 
output,  the  results  after  100  psec  being  shown  in  Figs. 
3(b)  and  3(c),  and  after  1 msec  in  Fig.  3(d).  In  Fig. 
3(b),  we  used  a negative  double  pul6e  as  a signal  to  be 
stored  so  that  we  detected  a negative  read-out  signal, 
although  the  output  signal  contained  a dc  level,  When  a 
positive  double  pulse  was  used,  we  could  obtain  a posi  - 
tive  read-out  signal  as  shown  in  Fig.  3(c).  The  results 
were  critically  dependent  on  the  dc  bias  level,  but  not 
very  critical  with  respect  to  the  ri  reading  and  writing 
pulse  levels  or  the  level  or  sign  of  the  stored  input 
signal. 

We  conclude  that  it  is  possible  to  store  acoustic  sig- 
nals in  surface  states  and  read  them  out  again  after 


relatively  long  times.  At  the  moment  because  of  the 
thickness  of  the  LiNbOj , the  applied  voltages  are  very 
large.  Our  future  intention  is  to  work  with  surface  wave 
convolvers  using  zinc  oxide  on  silicon  so  as  to  lower 
the  required  potentials  by  several  orders  of  magnitude. 

We  have  described  here  one  possible  mode  of  opera- 
tion of  this  device.  There  are  other  possible  modes  of 
operation  involving  use  of  an  input  signal  to  be  stored 
whose  carrier  frequency  is  the  same  as  that  of  the 
acoustic  surface  waves.  As  another  example,  it  is  also 
the  reading  pulse.  In  this  case  the  output  obtained  will 
be  the  correlation  of  the  input  signal  with  the  reading 
signal. 

We  would  like  to  thank  Herve  Gautier,  whose  un- 
published experiments  on  the  variation  of  convolution 
efficiency  with  time  led  us  to  consider  this  type  of 
storage  process.  We  would  also  like  to  thank  E.  Stern 
of  Lincoln  Labs,  who  kindly  furnished  us  with  a preprint 
of  closely  related  but  independent  work  by  A.  Bers  and 
J.H.  Cafarella  on  essentially  the  same  technique  for 
storage  of  acoustic  signals. 


•The  work  reported  In  this  paper  was  supported  by  the  U.  S. 
Office  of  Naval  Research  under  Contract  No.  N00014-67-A- 
0112-0039. 
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Integrated  circuits  as  viewed  with  an  acoustic  microscope 

R.  A.  Lemons  and  C.  F.  Quate 

Microwave  Laboratory.  Stanford  University.  Stanford,  California  94305 
(Received  9 May  1974) 

The  images  of  a high-frequency  bipolar  transistor  obtained  with  an  acoustic  microscope  are  compared 
with  those  of  a differential  interference  optical  microscope  and  a scanning  electron  microscope  in 
order  to  illustrate  that  the  acoustic  microscope  can  be  used  in  a reflection-type  mode  to  obtain 
quality  pictures  of  a surface  containing  integrated  circuits.  The  frequency  of  the  acoustic  beam  is  600 
MHz  and  the  resolution  is  near  2 p. 


The  acoustic  microscope  is  a new  instrument  for  ob- 
serving microscopic  detail  which  should  enhance  our 
ability  to  delineate  and  record  detail  that  is  difficult  to 
see  with  an  optical  instrument. 1,8  The  features  of  the 
instrument  that  we  use  have  been  described  previous- 
ly.5,4  We  use  a piezoelectric  film  to  launch  the  acoustic 
beam  at  one  end  of  a sapphire  crystal,  and  this  crystal 
contains  a spherical  lens  ground  into  the  opposite  face. 
The  lens  is  immersed  in  water  and  the  beam  converges 
to  a sharp  focus  within  the  liquid.  The  large  change  in 
sound  velocity  at  the  lens  interface  which  divides  sap- 
phire and  water  reduces  the  spherical  aberration  to  the 
point  where  the  beam  waist  is  limited  only  by  diffrac- 
tion effects.  With  our  operating  frequency  of  600  MHz 
the  effective  diameter  of  the  beam  at  the  waist  is  2 p — a 
number  which  determines  the  resolution  limit. 

The  image  in  our  system  is  obtained  by  mechanically 
scanning  the  object  through  the  waist  of  the  beam.  In 
previous  reports,  where  we  were  primarily  interested 
in  biological  specimens,  we  monitored  the  transmission 
ot  sound  by  using  a symmetrical  crystal  with  lens  and 
piezoelectric  film  to  collect  the  scattered  beam  and  con- 
vert it  to  an  electrical  signal.  This  information  was 
displayed  on  a television  monitor  with  the  raster  syn- 
chronized to  the  mechanical  scanning  motion  of  the 
object. 

In  this  paper  we  describe  a modified  mode  of  opera- 
tion wherein  we  monitor  the  sound  wave  that  is  reflected 
by  the  object.  In  this  way  we  are  able  to  view  the  struc- 
ture of  a plantu  surface.  We  report  here  on  our  initial 
results  with  this  type  of  microscopic  imaging  so  as  to 
give  some  appreciation  of  what  can  be  done  at  this  stage 
in  the  development  of  acoustic  microscopy.  We  believe 
that  this  mode  will  be  of  utility  in  viewing  integrated 
circuits.  The  diagrammatic  representation  of  the  reflec- 
tion mode  is  shown  in  Fig.  1.  The  acoustic  wave  is 
launched  into  the  sapphire  crystal  with  a conventional 
sputtered  ZnO  film  transducer.  The  spherical  concave 
lens,  ground  into  the  opposite  end  of  this  crystal,  fo- 
cuses the  beam  into  a diffraction  limited  spot  at  the  sur- 
face of  the  silicon  wafer  which  forms  the  substrate  for 
the  integrated  circuitry.  This  lens  of  diameter  0.2  mm 
has  an  / number  of  0.75. 

Since  the  silicon  wafer  is  being  scanned  the  variations 
due  to  the  integrated  circuits  appear  as  a time -dependent 
modulation  of  the  reflected  signal.  We  are  able  there- 
fore to  distinguish  this  component  from  other  reflections 
internal  to  the  instrument  by  proper  filtering,  yielding 
both  amplitude  and  phase  information  about  the  object. 

In  much  of  our  work  the  strongest  signal  comes  from 


the  change  in  phase  and  our  images  take  on  the  appear- 
ance of  "interference'’  microscope  Images.  The  phase 
change  comes  from  variations  in  the  thickness  of  the 
circuitry.  For  example,  a metallized  stripe  0. 51  p 
(A/4)  in  thickness  will  give  a 180°  phase  difference  be- 
tween the  signal  reflected  from  the  top  of  the  metallized 
stripe  as  compared  to  the  signal  reflected  from  the  sub- 
strate. Since  we  are  using  a coherent  cw  signal  this 
phase  difference  is  easily  recorded  by  combining  the 
reflected  signal  with  a suitable  reference  signal.  In 
some  of  our  work  we  have  been  able  to  observe  metal  - 
lized  stripes  that  were  1000  A thick. 

The  photos  that  we  have  recorded  with  this  system 
are  shown  in  Figs.  2-4.  In  Fig.  2 we  display  a com- 
parison between  the  optical  and  acoustical  image  of  a 
bipolar  transistor.  The  device  is  the  hp22,  a high-fre- 
quency transistor  with  a maximum  operating  frequency 
of  16  GHz.  The  optical  photo  was  taken  with  an  inter- 
ference microscope  of  the  Nomarski  type.  The  scale 
can  be  judged  from  the  width  of  the  three  fingers  con- 
nected to  the  squarish  pad  on  the  right.  These  fingers 
form  the  emitter  and  they  are  2 p wide.  Much  of  the  de- 
tail found  in  the  optical  picture  is  contained  in  the 
acoustic  image.  The  surface  features  of  the  silicon  sub- 
strate are  clearly  seen  as  well  as  the  characteristic 
outline  of  the  transistor.  There  are,  however,  distinct 
differences  between  the  two  photos. 

In  interpreting  the  acoustic  images  it  should  be  kept 
in  mind  that  the  present  instrument  is  phase  sensitive. 
Accordingly,  variations  in  surface  topography  will  be 
recorded  in  the  image  as  changes  in  contrast.  This  fea- 
ture is  evident  in  Fig.  2(A)  both  in  the  detail  of  the  bond- 
ing pads  and  in  the  region  where  the  fingers  cross  to  the 
base. 


FIG.  X.  Diagrammatic  scheme  for  the  reflection  mode.  The 
silicon  substrate  is  scanned  mechanically  to  obtain  the  image. 
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FIG.  2.  Acoustic  (A)  and  optical  (B)  comparison  of  a bipolar  transistor.  The  width  of  the  three  narrow  fingers  Is  2 p . 
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Irt  Fig.  3 we  present  a comparison  between  the  acous- 
tic image  of  the  hp22  and  the  image  as  obtained  with  a 
scanning  electron  microscope  (SEM).  The  resolution  is 
far  greatet  in  the  SEM  photo  but  nonetheless  the  com- 
parison is  interesting  and  it  shows  that  the  2-g  lines 
can  be  easily  seen. 

Finally,  in  Fig.  4 we  show  the  acoustic  image  of  an 
hpl22  together  with  the  optical  comparison.  This  again 
is  a bipolar  transistor,  scaled  down  from  the  hp22, 
and  it  is  the  smallest  transistor  known  to  us.  This  ob- 
ject is  interesting  for  this  study  since  the  periodicity  of 
the  interleaving  fingers  is  2. 5 p and  the  width  of  the 
smaller  fingers  is  near  1 p.  These  fingers  are  clearly 
resolved  in  the  acoustic  image  and  it  gives  us  confidence 
in  our  assertion  that  the  waist  of  our  beam  is  no  larger 
than  2 p. 


In  future  woik  we  must  learn  how  to  separate  the  vari- 
ation in  amplitude  in  the  reflected  signal  from  the  varia- 
tion in  phase.  This  instrument  was  not  initially  designed 
for  reflection  type  operation  and  it  should  be  possible  to 
improve  the  quality  of  these  images  by  incorporating  an 
acoustic  beam  splitter  so  as  to  improve  the  separation 
of  the  reflected  beam  and  the  incident  Learn. 

The  materials  used  for  IC’s  are  transparent  to  acous- 
tic waves  at  this  frequency  and  we  should  be  able  to  ob- 
tain information  on  the  region  that  lies  beneath  the 
metallized  surface— a region  inaccessible  to  the  optical 
microscope.  We  must  learn  to  interpret  the  images 
that  are  formed  when  we  change  the  plane  of  focus  and 
probe  the  region  beneath  the  surface.  This  capability 
should  allow  us  to  delineate  defects  such  as  improper 
bonds  between  a metallization  layer  and  the  substrate. 


FIG.  3.  Comparison  between 
the  image  from  the  acoustic 
microscope  (A)  and  a scan- 
ning electron  microscope  (B). 
The  object  is  the  bipolar 
transistor  as  shown  in  Fig.  2. 
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KIO.  -I.  Comparison  between  tlie  acoustic  (a)  and  optical  tb)  Images  of  the  lip  122— a high-frequency  bipolar  transistor  with 
a periodicity  of  2, 5 m and  a finger  width  near  1 n , 


It  is  difficult  to  uncover  problems  of  this  type  with 
either  an  optical  or  a scanning  electron  microscope. 

Further,  we  believe  that  the  various  image  enhance- 
ment techniques  which  have  recently  been  developed* 
could  be  applied  directly  to  the  electrical  signals  that 
emerge  from  the  microscope.  The  use  of  discrete 
multiple  frequencies  in  the  acoustic  system  together 
with  color  display  in  the  monitoring  scope  and  simple 
differentiation  of  the  signal  for  edge  enhancement  are 
the  more  obvious  techniques  that  could  be  employed  to 
Improve  the  image. 

The  resolution  can  be  improved  by  moving  to  higher 
frequencies.  We  have  obtained  images  at  1000  MHz  and 
we  are  confident  that  Improvements  can  be  made  which 
will  allow  us  to  generate  Images  with  a resolution  suf- 
ficient to  resolve  detail  that  is  less  than  1 u in 
diameter. 

Wo  are  grateful  to  Hewlett-Packard  Company  for 
furnishing  us  with  the  transistors.  We  appreciate  the 
professional  guidance  that  we  received  from  W.  Bond 


during  this  work.  The  present  instrument  is  a result 
of  the  talented  and  careful  work  of  G.  Kotler.  G.  Bicker, 
and  P.  Galle.  The  optical  photos  were  taken  in  the  inte- 
grated Circuits  Laboratory  at  Stanford  and  the  SEM 
photos  were  taken  with  the  facilities  of  the  Center  for 
Materials  Research.  We  acknowledge  the  financial  sup- 
port of  the  Office  of  Naval  Research. 
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Multilayer  Impedance  Matching  Schemes  for  Broadbanding 
of  Water  Loaded  Piezoelectric  Transducers  and  High 

Q Electric  Resonators 

JEFFREY  H.  GOLl  and  BERTRAM  A.  AULD,  fellow,  ieee 


I Abstract— High  efficiency,  low  ripple  piezoelectric  truiduetlon 

into  « water  load  has  been  achieved  experimentally  over  a band- 
width of  about  70%  by  uainc  a two-layer  acoustic  impendence 
matching  transformer.  Similar  performance  is  predict'd  for  properly 
designed  transducers  in  a frequency  range  of  1 to  40  MHz. 

PPHE  NARROW  bandwidth  of  piezoelectric  transducers 
* radiating  into  water  (or  other  fluid)  loads  is  partly 
a consequence  of  the  mismatch  of  acoustic  impedances 
between  the  transducer  and  the  load.  Broad  bandwidth 
coupling  to  water  has  been  accomplished  previously  by- 
using  single  layer  acoustic  impedance  matching  [1].  It 
is  reported  here  that  still  broader  bam’widths  may  be  ob- 
tained by  using  properly  chosen  multiple  layer  impedance 
matching  schemes.  Furthermore,  while  the  single  layer 
method  requires  for  the  matching  layer  a material  with 
characteristic  acoustic  impedance  of  about  6 X 10* 
kg/s  • m2,  which  must  be  prepared  synthetically,  two  layer 


Manuscript  received  July  .10,  1974.  This  work  was  supported  by 
the  Olhce  of  Naval  lie-earch  under  Contract  N00014-67-A-0112- 
0019. 

J H.  Coll  «a>  with  the  Microwave  Laboratorv,  Stanford  Uni- 
versal , Stanford.  Ca!‘f.  9410’).  He  is  now  at  The  Thomas  C.  Jenkins 
Department  of  Kiophi sic-.  The  Johns  Hopkins  UnivciMtv.  Balti- 
more, Md. 

B A Auld  is  with  the  Microwave  Laboratory.  Stanford  Uni- 
versity . Stanford,  Calif.  9410") 


schemes  work  very  well  with  readily  available  materials— 
glass  (or  fused  quartz)  and  lucite— as  the  matching  layers. 

The  theoretical  insertion  loss  and  phase  transfer  in  a 
50  ohm  circuit  may  be  calculated  from  the  Mason  model 
[2],  In  the  interest  of  high  efficiency,  only  air-backed 
transducers  have  been  considered.  The  role  of  the  acoustic 
impedance  matching  layers  is  to  transform  the  load  acous- 


tic impedance  into  a freouency  dependent  complex  number  i 

which  depends  strongly  on  the  characteristic  impedances 
and  thicknesses  of  the  matching  layers  This  impedance 
transformation  has  a pronounced  effect  on  the  frequency  j 

response  of  the  transducer  and,  by  properly  choosing  the  I 

characteristic  acoustic  impedances  of  the  layers,  a very  ? 

broadband  response  can  be  achieved.  For  piezoelectric  } 

ceramic  or  LiXbOz  transducers,  fused  quartz  and  lucite  i 


matching  layers,  in  the  configuration  illustrated  in  Fig.  1, 
give  excellent  performance.  Over  the  frequency  range  in 
which  the  coupling  is  high,  the  electrical  input  impedance 
of  the  acoustically  matched  transducer  is  a reasonable  ap- 
proximation of  a simple  R-f'  circuit  of  low  electrical  Q. 
Therefore,  series  inductive  tuning  may  be  used  to  further 
improve  the  insertion  loss  without  affecting  the  bandwidth 
significantly.  Figure  2 illustrates  the  insertion  loss  and 
phase  transfer  predicted  in  a 50  ohm  circuit  for  a 0.088” 
diameter  PZT-5A  disk,  half  wave  resonant  at  1.55  MHz, 
with  fused  quartz  and  lucite  transformers  quarter  wavy 
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Pig.  1.  Physical  configuration  of  the  quartz-lucite  matching 
scheme.  The  transducer  itself  is  one-half  wavelength  thick  at  ft 
and  the  matching  layers  are  each  approximately  one-quarter  wave- 
length thick  at /«. 


quency/o  ■»  1.55  MHz  ami  with  fused  quartz  and  Incite  acoustic 
transformers,  quarter-wave  thick  at  0 02/0  and  8 series  in- 
ductive electrical  tuning. 


tabu:  i 


f0  (HH.) 

2-Wiy  Insertion  Loss  tdB) 

0.91 

10 

0.96 

6 

1.01 

n 

1.15 

5 

l.J 

6 

1.55 

5-5 

1.66 

5 

t .81 

6 

1.90 

8 

1.9k 

10 

thick  at  about  1.43  .MHz,  ami  with  an  8 microhenry  series 
tuning  inductor.  The  8 dB  bandwidth  (about  70%) 
considerably  wider  and  the  ripple  is  smaller  than  for  the 
optimal  single  transformer  designs  (which  have  about  45% 
3 dB  bandwidth  for  the  corresponding  air-backed  ease). 
Without  the  tuning  inductor,  the  performance  is  similar. 
The  only  major  differences  are  that  the  ripple  is  slightly 
greater  and  the  insertion  loss  is  about  2 dB  higher  without 
the  tuning  inductor.  The  phase  transfer  is  very  nearly 
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linear  with  frequency  over  the  high  coupling  region.  This 
property  is  important  in  pulse  applications. 

A transducer  was  fabricated  with  fused  quartz  and  lucite 
transformers  corresponding  approximately  to  Fig.  2,  and 
the  insertion  loss  was  measured  by  a pulse  propagation 
method.  The  results,  indicated  as  two-way  insertion  loss 
in  Table  I,  are  in  good  agreement  with  the  theory  except 
that  the  loss  is  systematically  2 dB  per  transducer  higher 
than  predict  ed.  This  discrepancy  may  have  been  partly  due 
to  electrodes  which  were  not  sufficiently  thick. 

For  a largo  class  of  transducers,  the  bandwidth  is  mainly 
determined  by  acoustic  impedance  considerations.  The 
value  of  the  loss,  however,  will  be  low  only  when  the 
transducer  material  and  the  lateral  size  (active  area)  of 
the  transducers  are  properly  chosen.  In  general,  because 
of  their  extremely  high  dielectric  constants,  piezoelectric 
ceramics  are  the  proper  choice  for  low  (between  1 and  (> 
MHz)  resonant  frequency  transducers  in  a 50  ohm  circuit. 
Lithium  niobate  (LiNbOj)  is  the  best  choice  for  higher 
frequency  transducers.  For  any  resonant  frequency  be- 
tween 1 and  40  MHz  in  a 50  ohm  circuit,  proper  design 
yields  theoretical  3 dB  bandwidths  of  about  70%  with 
loss  across  the  band  of  less  than  5 dB. 

Properly  chosen  three  layer  acoustic  impedance  match- 
ing schemes  offer  still  wider  band  (about  90%),  low-loss, 
low-ripple  transducer  designs.  The  materials  called  for 
in  these  designs,  however,  with  acoustic  impedances  of 
22  X 10*,  7.8  X 10*,  and  2.8  X 10‘  kg,s>m*.  are  not  all 
readily  available. 

An  analogous  electrical  impedance  matching  problem— 
the  broadband  coupling  to  high  Q electric  resonators  by 
use  of  multiple,  approximately  quarter  wave  transmission 
line  segments— was  also  pursued  theoretically.  It  has  been 
reported  previously  [3]  that  bandwidths  several  times 
l/Q  may  be  obtained  by  the  use  of  a single  properly  chosen 
transmission  line  segment.  It  is  reported  here  that  sig- 
nificantly broader  bandwidths  with  low  insertion  loss,  low 
ripple,  and  good  phase  linearity  may  be  obtained  by  using 
two  properly  chosen  transmission  line  segments.  The 
characteristic  impedances  and  lengths  of  the  transmission 
line  segments  are  the  important  parameters.  The  utility 
of  such  matching  schemes  is  greatly  increased  by  the 
availability  of  lumped-element  approximations  of  trans- 
mission line  segments  which  require  relatively  few  ele- 
ments and  greatly  expand  the  range  of  available  matching 
sections  [3]. 
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SYSTEM 


J.  Fraser,  J.  Havlice,  G.  Kino,  W.  Leung,  H.  Shaw, 

K.  Toda,  T.  Waugh,  D.  Winslow,  and  L.  Zitelli 

Stanford  University,  Stanford,  California  9!,305 


I . INTRODUCTION 

We  described  a new  type  of  electronically  focused  and 
scanned  acoustic  imaging  device  in  last  year's  conference. 
This  device  made  use  of  a surface  acoustic  wave  delay  line 
to  provide  the  necessary  phase  references  and  time  delay 
for  the  imaging  system  and  for  scanning;  it  employed  mechan- 
ical scanning  in  one  direction  and  electronic  scanning  in 
the  other,  and  was  only  focused  electronically  in  one  direc- 
tion. Since  that  time,  we  have  developed  a two-dimensional 
electronically  focused  C-scan  device  operating  in  a trans- 
mission mode  using  a seoarate  electronically  focused  re- 
ceiver and  transmitter.  The  receiver  is  focused  and  scanned 
in  the  x direction  and  the  transmitter  focused  and  scanned 
in  the  y direction.  By  using  this  combination  of  trans- 
mitter and  receiver,  it  is  possible  to  scan  out  a raster 
and  obtain  M X N resolvable  spots  with  only  M + N ele- 
ments in  the  transmitter  and  receiver  arrays. 

At  the  same  time  we  have  been  constructing  a 100  ele- 
ment receiver  array,  which  is  intended  to  be  used  either 
with  the  electronically  focused  transmitter  or  with  a mech- 
anically scanned  transmitter  focused  with  a lens.  In  both 
devices  we  have  demonstrated  that  the  principles  of  the 
system  are  valid;  we  have  improved  the  sensitivity  of  the 
receiver  system  by  several  orders  of  magnitude  over  the 
earlier  devices,  by  employing  double  balanced  mixers  and 
amplifiers  on  every  element.  However,  we  have  encountered 
the  major  difficulty  common  to  all  phased  array  systems  - 
the  problem  of  sidelobes.  So  far,  in  both  the  transmitter 
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and  the  receiver  array,  the  sidelobe  level  is  typically 
15  dB  lower  than  the  main  lobe  when  the  system  is  unapodized, 
as  it  should  be  according  to  the  simple  theory  of  a uniformly 
excited  array. 

We  have  investigated  apodizing  the  system.  In  theory, 
by  using  Hamming  weighting,  we  should  obtain  a sidelobe 
level  of  -hj  dB.  In  practice,  we  have  not  succeeded  in  ob- 
taining  better  than  -20  dB  sidelobe  levels.  The  basic  rea- 
son for  this  problem  is  associated  with  missing  elements  and 
errors  in  the  system.  So  in  this  paper  we  carry  out  a fairly 
detailed  analysis  of  the  problem  of  missing  elements,  a prob- 
lem which  will  bo  common  to  all  electronically  focused  sys- 
tems. We  show  that  it  is  possible  to  predict  very  closely 
the  amplitudes  of  the  sidelobes  when  there  are  elements  mis- 
sing, both  by  simple  techniques  and  more  sophisticated 
numerical  procedures.  We  also  show  how  it  is  possible  to 
evaluate  a particular  system  with  missing  elements  and  dis- 
cuss possible  procedures  for  eliminating  errors. 


II.  PRINCIPLES  OF  THE  ELECTRONICALLY  FOCUSED  SYSTEM 

The  electronically  focused  and  scanned  system  on  which 
we  have  worked  can  be  used  either  in  a transmission  mode  or 
a receiver  mode,  or  for  both  transmission  and  reception. 

In  order  to  explain  the  principles  of  operation,  we  will 
consider  a receiver  in  which  the  object  is  illuminated  with 
an  acoustic  wave  of  frequency  a>g  , as  illustrated  in  Fig . 1. 
The  signal  is  received  by  a set  of  piezoelectric  trans- 
ducers. The  electronic  system  employed  scans  the  signals 
arriving  at  these  transducers  and  provides  phase  compensa- 
tion for  the  different  rays  arriving  from  a point  x,  z . 

We  use,  as  a phase  reference,  a tapped  acoustic  surface 
wave  delay  line,  one  tap  for  each  PZT  transducer.  The  rea- 
son for  the  use  of  an  acoustic  surface  wave  delay  line  is 
its  convenience,  flexibility,  and  ready  availability.  It 
is  also  possible  to  employ  a CCD  in  the  same  manner,  or  to 
employ  a shift  register  in  a very  similar  system.  The  out- 
put at  a frequency  a>g  from  each  transducer  is  mixed  with 
the  output  from  a corresponding  SAW  tap  in  ,a  mixer.  Origi- 
nally these  mixers  were  simple  diodes;  now  we  employ  ba- 
lanced integrated  circuit  mixers,  and  the  outputs  from  each 
mixer  are  summed  in  an  output  circuit. 
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FIG.  l--Schematic-pictorial  diagram  of  acoustic  imaging 
system. 


Suppose  we  wish  to  detect  a signal  from  the  point  x , 
z , at  the  plane  of  the  transducer  array  z 0 , The 

phase  of  the  signal  at  an  element  with  coordinates  x , 0 


I o o 

' ( x - x )w  ♦ z~  , 
n ’ 


where 


is  the  wave  velocity  in  the  medium  of  interest, 


If  we  insert  a signal  on  the  acoustic  delay  line  with  a 
phase  0An  such  that  0An  + 0sn  - constant  , then  in  this 
case,  all  the  signals  from  the  outputs  of  the  mixer  are  in 
phase  and  can  be  added.  We  have  therefore  constructed  a 
matched  filter,  matched  to  a source  at  the  point  x , z , 
i.e.,  we  have  constructed  an  electronic  lens. 
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It  is  a relatively  simple  matter  to  design  the  corroct 
signal  waveform  for  this  purpose.  Consider  a signal  whose 
phase  is 


ry  ry 

0 - x^t  + At/t'  + Bc 


* 


This  signal  has  a frequency 


a)  -3 


dt 


At 


a'.  + 


th 


1 ^ 


(2) 


(3) 
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At  the  n tap  on  the  surface  wave  delay  lino,  the  phase 
of  this  signal  is 


0, 


An 


‘“1 


R)  -VrT 


00 


It  will  bo  seen  that  the  required  phase  matching  condition 
is  satisfied  if  e^x  /v  jnir  > which  requires  choosing 
correctly,  and 


x/v 


with 


lO  v 
s 


w 

z a' 


B = - 


A v 


(r>) 

(6) 

(7) 


It  will  be  seen  from  these  results  that  by  using  this 
electronic  signal  processing  technique,  the  system  focuses 
on  the  point  x , z at  a time  t - x/v  and,  therefore, 
scans  along  the  plane  z at  a velocity  v . At  the  same 
time,  with  the  correct  choice  of  the  parameter  A , ad- 
justment of  the  parameter  B of  the  signal  waveform  inserted 
into  the  acoustic  surface  wave  delay  line  is  equivalent  to 
adjusting  the  focal  length  of  the  lens.  In  this  case,  by 
using  the  correct  waveform,  no  paraxial  approximation  is 
required,  and  the  lens  should  not  suffer  from  spherical 
aberration. 
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In  our  devices  so  far,  we  have  not  used  this  waveform. 
Instead,  we  have  simplified  the  approach  and  used  a linear 
FM  chirp  with  a frequency 


+ pt 


and  phase 


Ht 

0 = w,t  + — • (9) 

2 

In  this  case,  which  is  equivalent  to  the  paraxial  approxi- 
mation, i.e.,  assuming  that  z?  5t>  (x-x^)'  , the  chirp 

rate  is  varied  to  vary  the  focal  length  of  the  lens  and  we 
find  to  focus  on  the  plane  z , 


It  should  be  noted  that  a still  bettor  approximation  to 
the  ideal  signal  waveform,  which  is  easier  to  realize  and 
which  is  accurate  to  terms  in  (x  - xn) ' , is  to  use  an  in- 

put signal  with  frequency 


a'  v /vt 

a)  - <o,  h sin  [ — 

1 v J1  U 


(tv*) 


This  is  normally  accurate  enough  for  most  practical  purposes. 

In  our  first  experiments,  we  employed  a receiver  system 
of  this  kind  in  a transmission  mode  with  an  object  placed  in 
front  of  a narrow  strip  transducer,  the  length  of  the  strip 
being  parallel  to  the  length  of  the  array.  The  object  was 
moved  up  and  down  mechanically  in  the  y direction  and  the 
receiver  was  electronically  focused  and  scanned  in  the  x 
direction.  An  alternative  to  this  procedure  is,  of  course, 
to  use  a focused  transmitter,  focused  on  a line  within  the 
object.  Then  either  the  transmitter  can  be  moved  up  and 
down  in  the  y direction,  or  the  objects  can  be  moved  up 
and  down  in  the  y direction  to  obtain  a two-dimensional 
scan.  Of  course,  such  a system  can  also  be  used  in  reflec- 
tion mode  with  the  transmitter  placed  in  the  same  plane  or 
near  to  the  receiver's  array. 
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A second  alternative  on  which  wo  have  been  working  is 
to  use  an  electronically  focused  and  scanned  transmitter  in 
the  arrangement  shown  on  the  loft  of  Fig,  2.  By  inserting 
a signal  in  what  normally  would  bo  the  output  port  of  the 
receiver  and  a chirp  signal  on  the  delay  line,  it  is  pos- 
sible to  obtain  a focused  and  scanned  transmitting  beam. 

A Cull  two-dimensional  image  is  obtained  with  the  rest  of 
the  system  of  Fig.  2.  However,  the  disadvantage  of  such  a 
system  is  that  the  scan  rate  is  comparable  to  that  of  the 
acoustic  velocity  along  the  delay  lino.  Ideally  wo  would 
prefer  to  work  with  a system  in  which  the  scan  rate  in  the 
vertical  direction  is  relatively  slow,  and  comparable  to  the 
frame  rate  required,  while  the  scan  rato  in  the  horizontal 
direction  is  fast  and  corresponds  to  the  lino  time, 

An  additional  desirable  feature  would  be  to  excite  all 
the  transmitting  transducers  at  the  same  frequency;  this 
would  minimize  aberrations  and  also  place  less  severe  re- 
quirements on  the  transducer  bandwidth.  Thus  it  would  be 
possible  to  scan  out  a normal  typo  of  TV  raster. 
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iocal  r~A- 

OSCIUATOR  (v) 
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- <a  - ►<&  — ■*- 
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fYV'l  1C  * 
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FIG.  2--Schematic-pictorial  diagram  of  an  electronically 
scanned,  electronically  focused  imaging  device. 

On  the  left  side  is  the  transmitter  which  provides 
a scan  rate  comparable  to  the  acoustic  velocity  on 
the  delay  line. 
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, i , ' 

epoxy  bonded  to  a mycalexbackihg . The  array  is  covered 
with  athin  mylar  film.  The. elements  have  a center-to- 
center  spacing  of  47  mil • , bufcphly  every  other  element 
was  excited  in  the  initial  systmm 

' f 

In  the  first  system  we  used  FGT  amplifiers  driven  from 
.taps  oh  the -SAW  .line,. ..followed  by  diode  mixers  for  the  three 
frequencies  involved, and  transistor  amplifiers.  The  System 
was  subject  to  Some  phase  and  amplitude  errors  and-  leakage 
of  signals  at  unwanted  frequencies,  as  well  as  a low  output. 
But  it  served  to  prove  the- feasibility  of  tha  ideas  involved, 
initially,  we  used  an  early  developmental  model  of  the  re- 
ceiver array  already  described  with  only  22  elements. 

By  placing  an  object  between  the  transmitter  and  receiv- 
er, we  were  able  to  obtain  a focused  image,  with  a defini- 
tion of  approximately  2 ran  in  the  x and  y directions,  a 
60  cycle  frame  rate  and  a line  time  of  approximately  100  nsec. 
As  predicted  we  could  obtain  a stationary  focus  in  the  y 
direction  or  move  the  line  up  and  down  at  will  by  changing 
the  frequency  u£  manually,  thus  making  it  possible  to  exam- 
ine an  object  slowly  or  fast.  By  using  a slow  chirp  repeated 
at  a 6 0 cycle  rate  we  obtained  a frame  time  of  60  cycles. 

A picture  of  a letter  S cut  in  a piece  of  rubber  locat- 
ed 7 cm  from  the  transmitter  and  10  cm  from  the  receiver  is 
shown  in  Fig.  8.  By  changing  the  chirp  rate  by  25$  in  the 
horizontal  direction,  the  letter  S is  seen  to  be  defocused 
in  the  horizontal  direction.  Similarly  by  changing  the  chirp 
rate  of  the  transmitter  by  25$,  the  letter  S is  seen  to  be 
defocused  in  the  vertical  direction,  as  would  be  expected. 


The  transmitter  system  was  rebuilt  with  different  mixers 
and  amplifiers,  and  a 24  element  1,8  MHz  array  with  elements 
47  mils  apart.  In  this  case,  we  used  double  balanced  mixers 
(TI76514),  which  eliminated  the  problems  with  unwanted  side- 
band frequencies.  The  mixers  were  followed  by  transistor 
amplifiers,  (2N3906),  snd  a signal  with  20  V peak-to-peak 
output  could  be  obtained  at  the  transducers.  We  also  made 
provision  for  trimming  the  output  amplitude. 


With  this  system  we  obtained,  with  Hamming  weighting, 
a 20  dB  sidelobe  level.  We  took  pictures  of  simple  objects 
cut  in  rubber  with  the  system,  using  a strip  receiver  me- 
chanically scanned  in  the  horizontal  direction.  Such  a 
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III.  EXPERIMENTAL  SYSTEMS 

Wc  have  been  working  with  two  types  of  experimental 
arrays,  an  80  - 100  element  receiver  system,  and  a 22-29 
element  transmitter  system.  It  is  intended  that  systems 
of  these  types  will  be  used  together  in  a C-scan  trans- 
mission or  reflection  mode,  as  well  as  employing  the  receiv- 
er array  with  a mechanically  scanned  transmitter  for  two- 
dimensional  C-scan  imaging . 

A schematic  of  the  basic  components  of  the  receiver 
system  is  shown  in  Fig.  5*  Each  transducer  clement  con- 
sists of  a cube  of  PZT  5A  20  mils  square  and  16  mils  high, 
glued  with  epoxy  to  a mycalex  backing,  and  covered  on  its 
front  side  with  a mylar  film.  The  elements  have  a center- 
to-center  spacing  of  1)7  mils;  they  are  square  in  cross 
section  so  that  the  acceptance  angle  (measured  to  be  ± 30°) 
is  approximately  the  same  in  the  horizontal  and  vertical 
directions,  thus  giving  approximately  the  same  field  of 
view  in  both  planes.  The  array  itself  is  mounted  on  the 
side  of  a water  tank. 
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3 BOARDS  TOTAL 
32  AMPLIFIERS 
IN  EACH  BOARD 

(8  INTEGRATED 
CIRCUITS  IN 
A BOARD) 


FIG.  5“ -Schematic  diagram  of  PZT  preamplifier  system. 
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a frequency  u>s  , filtering  it  so  as  to  only  keep  the  upper 
sideband,  and  then  inserting  it  into  the  second  mixer,  wo 
obtain  outputs  into  all  the  transducers  of  frequency  (og  . 

An  analysis  of  the  phase  variation  of  the  signals  pass- 
ing along  the  delay  line  shows  that  the  phase  of  the  signals 
at  the  nfc^ 


tap  arc 


W 


S.V(e-^)^(t3)  (is) 

<vi)(,  + ^*;)-;j('-;+^)  (15) 


After  these  signals  are  mixed  together,  we  obtain  a signal 
with  phase  0p(yn)  “ ^(y^)  * T*\is  in  turn  *8  mixod  wit^ 

the  similar  signal  from  the  tap  at  yn  » 0 , after  it  has 

been  modulated  with  a frequency  u>§  . The  phase  of  the 

resultant  signal  at  the  n^  tap  Is 


y U / M 

M*v)  - («b  + cV2ce1)^  + -^yn--j  . 


(HO 


Thus,  the  output  signal  has  a square  law  variation  of  phase 
along  the  system,  which  is  equivalent  to  a lens  producing  a 
beam  focused  at  the  plane  z = u>  \r/2nvw  . In  addition 
there  is  a linear  phase  term,  which  controls  the  y posi- 
tion of  the  focal  point.  If  (uv>  + «w  - 2u^ )yn/v  = 2n7T  , 
the  lens  focuses  on  the  point  y^  = u/2,z  . Alternatively, 

if  u>j  or  uv,  is  varied  slowly  the  focal  point  moves  along 
the  y axis.  Thus  by  changing  one  of  these  frequencies 
slowly  the  beam  may  bo  scanned  along  the  y axis;  this  is 
equivalent  to  using  a slow  chirp  for  the  frequency  cic^  and 
a fast  chirp  for  which  can  be  changed  at  will  to  vary 
the  focal  length  of  the  lens.  In  practice  the  chirp  lengths 
are  chosen  to  be  of  the  order  of  100  nsec  long,  sufficient 
to  produce  a beam  focused  on  one  line  of  the  image,  which 
itsolf  is  scanned  by  the  receiver  array  within  this  time. 
Then  with  a delay  of  the  same  order,  the  chirps  are  re- 
inserted in  the  transmitter  delay  line  and  the  whole  process 
is  repeated,  now  with  the  line  moved  one  line  along  the  y 
axis . 
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EXPERIMENTAL  SYSTEMS 


Wo  have  been  working  with  two  types  of  experimental 
arrays,  an  80  - 100  element  receiver  system,  and  a 22-2 9 
clement  transmitter  system.  It  is  intended  that  systems 
of  these  types  will  be  used  together  in  a C-scan  trans- 
mission  or  reflection  mode,  as  well  as  employing  the  receiv* 
or  array  with  a mechanically  scanned  transmitter  for  two- 
dimensional  C-scan  imaging. 

A schematic  of  Che  basic  components  of  the  receiver 
system  is  shown  in  Fig.  J.  Each  transducer  element  con- 
sists of  a cube  of  PZT  5A  20  mils  square  and  1 6 mils  high, 
glued  with  epoxy  to  a mycalex  backing,  and  covered  on  its 
front  side  with  a mylar  film.  The  elements  have  a centcr- 
to-center  spacing  of  Ii7  mils;  they  are  square  in  cross 
section  so  that  the  acceptance  angle  (measured  to  be  ± JO0) 
is  approximately  the  same  in  the  horizontal  and  vertical 
directions,  thus  giving  approximately  the  same  field  of 
view  in  both  planes.  The  array  itself  is  mounted  on  the 
side  of  a water  tank. 


1/4  CA3048 
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3 BOARDS  TOTAL 
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FIG.  5--Schematic  diagram  of  PZT  preamplifier  system. 
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The  impedances  of  the  individual  elements  of  the  array 
are  of  the  order  of  5000  0,  with  a center  frequency  of 
2.25  MHz.  The  system  is,  in  fact,  operated  anywhere  in  the 
range  from  1.6  MHz  to  2.5  MHz,  with  most  tests  being  car- 
ried out  at  1.8  MHz.  Amplifiers  for  the  individual  ele- 
ments ( CA3048  ),  4 to  a package,  are  mounted  on  the  back  of 
the  transducer  array.  Their  outputs  are  taken  through  co- 
axial lines  into  doubly  balanced  mixers  (MC1496',  each 
mixer  being  driven  via  an  MCI35O  amplifier  from  a tap  on  a 
50  MHz,  100  tap  surface  wave  delay  line  approximately 
5 Inches  long,  made  of  BGO.  The  taps  are  arranged  in  two 
rows  of  50,  side  by  side,  and  the  total  delay  through  the 
line  is  60  nsec.  The  outputs  of  4 mixers  at  a time  are 
summed  with  a 1350  summing  amplifier,  whose  outputs  are 
in  turn  connected  in  parallel.  The  output  of  this  system 
is  mixed  down  to  30  MHz,  passed  through  a 1.5  MHz  band- 
width filter  with  60  dB  out  of  band  rejection,  to  eliminate 
any  feed  through  from  unwanted  signals,  and  the  output  then 
passed  into  an  IF  amplifier.  After  detection,  this  output 
signal  is  used  to  modulate  the  intensity  of  a cathode  ray 
display,  whose  horizontal  sweep  is  synchronized  from  the  FM 
chirp  trigger,  and  whose  vertical  motion  is  controlled  either 
from  a mechanical  sweep  or  from  the  transmitter  synchroniz- 
ing circuits. 

The  receiver  array  performed  basically  as  designed.  The 
measured  sensitivity  of  the  individual  elements  was  10'^watt / 
cm*- , and  the  3 dB  width  of  the  main  lobe  of  the  focused  beam, 
when  illuminated  from  a 1.8  MHz  narrow  strip  source  pulsed 
for  100  psoc  was  about  1.5  mm  at  a distance  of  25  cm.  As  will 
be  discussed,  the  sidelobe  level  was  higher  than  we  had  hoped 
thus  severely  limiting  the  dynamic  range  of  the  receiver  sys- 
tem, and  the  effective  uniformity  of  the  illumination  of  an 
object  placed  in  front  of  a uniformly  illuminated  large  area 
transmitter.  For  this  reason  we  have,  so  far,  been  employ- 
ing the  device  to  observe  objects  with  relatively  good  con- 
trast. This  is  done  by  placing  the  object  in  front  of  a thin 
strip  transducer  approximately  4 inches  long,  and  moving  the 
object  up  and  down  mechanically. 

One  picture  of  a piece  of  rubber  in  which  are  cut  a tri- 
angular, circular,  and  square  hole  is  shown  on  the  top  of 
Fig.  On  the  bottom  is  the  acoustic  photograph  of  a thin 
metal  plate  with  a number  of  small  holes.  It  will  be  ob- 
served that  the  definition  of  the  system  is  of  the  order  of 
1.5  iwn . 
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no.  1 --Acoustic  photographs  using  on  . element  receiver 
arrav.  On  the  lett  are  optical  photos  anil  on  the 
right  are  acoustic  photos. 

The  siilelohe  level  in  this  . vstom  was  initial  lv  verv 
high  ami  ot  the  order  ot  1 dl> , both  near  in  to  the  main 
lobe  as  well  as  lurther  out.  We  attempted  to  apodi/.e  the 
arrav  with  either  Hamming,  weighting  ot  the  chirp  amplitude 
itselt,  or  better  still,  by  Hamming  weighting  ot  the  array 
Caps  by  means  of  trimmer  pots  on  each  element.  Our  best 
attempts  to  date  have  yielded  a sidelobe  level  0 dl>  down 
from  the  main  lobe.  This  is  mainlv  due  to  the  fact  that 
initially  T.  elements  out  of  100  were  inoperative,  and  later 
approximately  ■ elements  out  ot  were  inoperative.  This 
leads  to  a sidelobe  level  somewhat  worse  than  we  would 
expect  from  the  theory  given  in  the  next  section.  In  part 
this  is  due  to  the  ditfieulty  of  apodi/.ing  accurately , to 
phase  errors  as  well  as  amplitude  errors,  and  to  some  cross 
coupling  in  the  delay  line.  But  the  principle  problem  is 
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IMG  . ^--Acoustic  Images  obtained  with  an  electronically 
scanned,  electronically  focused  two-dimensional 
real  time  system.  Corner  photos  show  the  effect 
ot  defocus  in  the  imaging  system. 


picture  is  shown  in  Kip,.  We  have  not  as  yet  tested  the 
transmitter  with  an  electronical l v tocused  receiver  array, 
but  hope  to  do  so  shortly. 


IV.  WEIGHTING  OF  THE  ARRAY  AND  ERROR  ANALYSIS 

One  of  the  principle  problems  associated  with  any 
phased  array  system  is  that  associated  with  sidelobes.  If 
the  sidelobe  level  is  R dll  down  from  the.  main  lobe,  and  an 
attempt  is  made  to  image  two  points  A and  11  with  point 
11  more  than  R dll  lower  in  intensity,  the  intake  of  the 
point  11  may  be  obscured  in  the  sidelobes  of  the  stronger 
point  source  A . Thus,  the  dynamic  range  of  an  imaging 
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epoxy  bonded  to  a tnycalex  backing.  The  array  is  covered 
with  a thin  mylar  film.  The  elements  have  a center-to- 
center  spacing  of  47  mils,  but  only  every  other  element 
was  excited  in  the  initial  system. 

In  the  first  system  we  used  FET  amplifiers  driven  from 
taps  on  the  SAW  line,  followed  by  diode  mixers  for  the  three 
frequencies  involved, and  transistor  amplifiers.  The  system 
was  subject  to  some  phase  and  amplitude  errors  and  leakage 
of  signals  at  unwanted  frequencies,  as  well  as  a low  output. 
But  it  served  to  prove  the  feasibility  of  the  ideas  involved. 
Initially,  we  used  an  early  developmental  model  of  the  re- 
ceiver array  already  described  with  only  22  elements. 

By  placing  an  object  between  the  transmitter  and  receiv- 
er, we  were  able  to  obtain  a focused  image,  with  a defini- 
tion of  approximately  2 ram  in  the  x and  y directions,  a 
60  cycle  frame  rate  and  a line  time  of  approximately  100  usee 
As  predicted  we  could  obtain  a stationary  focus  in  the  y 
direction  or  move  the  line  up  and  down  at  will  by  changing 
the  frequency  uv>  manually,  thus  making  it  possible  to  exam- 
ine an  object  slowly  or  fast.  By  using  a slow  chirp  repeated 
at  a 6 0 cycle  rate  we  obtained  a frame  time  of  60  cycles. 

A picture  of  a letter  S cut  in  a piece  of  rubber  locat- 
ed 7 cm  from  the  transmitter  and  10  cm  from  the  receiver  is 
shown  in  Fig.  8.  By  changing  the  chirp  rate  by  25$  in  the 
horizontal  direction,  the  letter  S is  seen  to  be  defocused 
in  the  horizontal  direction.  Similarly  by  changing  the  chirp 
rate  of  the  transmitter  by  25$,  the  letter  S is  seen  to  be 
defocused  in  the  vertical  direction,  as  would  be  expected. 

The  transmitter  system  was  rebuilt  with  different  mixers 
and  amplifiers,  and  a 24  element  1.8  MHz  array  with  elements 
47  mils  apart.  In  this  case,  we  used  double  balanced  mixers 
(TI76514),  which  eliminated  the  problems  with  unwanted  side- 
band frequencies.  The  mixers  were  followed  by  transistor 
amplifiers,  (2N3906),  and  a signal  with  20  V peak-to-peak 
output  could  be  obtained  at  the  transducers.  We  also  made 
provision  for  trimming  the  output  amplitude. 

With  this  system  we  obtained,  with  Hamming  weighting, 
a 20  dB  sidelobe  level.  We  took  pictures  of  simple  objects 
cut  in  rubber  with  the  system,  using  a strip  receiver  me- 
chanically scanned  in  the  horizontal  direction.  Such  a 
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Fit: . {'--Acoustic  Images  obtained  with  an  electronically 
scanned,  electronically  focused  two-dimensional 
real  time  system.  Corner  photos  show  the  effect 
of  . ' ' ' ’ dofocus  in  the  Imaging  system. 


picture  Is  shown  in  Kip.  l>.  Wo  have  not  as  yet  tested  the 
transmitter  with  an  electronically  tocused  receiver  array, 
but  hope  to  do  so  shortly. 

IV.  WEIGHTING  OK  THE  ARRAY  AND  ERROR  ANALYSIS 

One  of  the  principle  problems  associated  with  any 
phased  array  system  is  that  associated  with  sidelobes.  If 
the  sidelobe  level  is  R dll  down  from  the  main  lobe,  and  an 
attempt  is  made  to  imago  two  points  A and  11  with  point 

H more  than  R dll  lower  in  intensity,  the  image  of  the 

point  15  may  be  obscured  in  the  sidelobes  of  the  stronger 

point  source  A . Thus,  the  dynamic  range  of  an  imaging 
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ACOUSTIC  IMAGE 

FIG.  o--imaj>e  obtained  with  llammine,  weighted  transmitter 
s vs tom. 
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system  is  limited  by  the  sidelobe  level. 


There  are  several  possible  approaches  to  lowering  the 
effective  sidelobe  level.  One  is  to  apodizo  the  array, 
o.g.,  amplitude  weight  the  response  of  the  array.  In  an 
acoustic  lens  system,  this  is  done  in  part  automatically, 
because  a convex  lens  tends  to  have  more  attenuation  noar 
its  edges.  With  any  electronic  or  physical  lens,  the  re- 
sponse also  tends  to  fall  off  with  angle;  this  provides 
further  apodization.  A second  approach,  that  used  by 
Thurston, ^ is  to  use  logarithmic  amplifiers  on  each  receiv- 
er element,  and  add  the  resultant  signals  after  the  appro- 
priate phase  matching,  as  already  described.  As  all  rays 
from  a point  source  may  bo  assumed  to  have  equal  amplitudes, 
this  gives  an  image  of  a point  source  with  a sidelobe  level 
of  just  the  same  value  as  if  the  amplifiers  were  linear. 
However,  now  the  signal  from  another  point  source  would  give 
an  output  R dB  down  in  level  only  if  it  were  far  weaker 
relative  to  the  main  image.  This  is  because  of  the  loga- 
rithmic response  of  the  amplifiers;  if  a 50  change  in 
input  signal  corresponds  to  a 10:1  change  in  output  power 
from  the  amplifier  and  a linear  system  had  a 10  dB  sidelobe 
level,  this  system  would  have  a dynamic  range  of  50  dB. 

The  full  implications  of  this  nonlinear  processing  technique 
are  not  entirely  clear,  but  they  do  imply  a lower  effective 
sidelobe  level  at  the  expense  of  some  loss  in  grey  scale. 

A third  approach  is  to  use  the  same  array  for  both  trans- 
mission and  reception,  This  tends  to  square  the  response 
of  the  system,  and  lower  the  effective  sidelobe  level  to 
P R dB  . 


Even  with  careful  design,  certain  difficulties  can 
arise  when  elements  are  missing,  there  is  coupling  between 
the  elements,  or  there  arc  phase  errors  in  the  system.  By 
far  the  worst  type  of  error  is  that  due  to  missing  elements. 
In  this  section  we  shall  analyze  the  response  of  an  array  to 
a point  source,  and  a distributed  source,  and  show  how  this 
is  affected  by  missing  elements.  We  shall  describe  an  analog 
technique  which  we  have  employed  to  check  operating  arrays, 
and  a simple  theory  which  gives  easily  calculated  and  accu- 
rate estimates  of  the  effect  of  missing  elements. 

We  consider  a receiver  array  in  which  the  amplitude 
response  of  the  array  at  a point  x is  F(x)  . We  suppose 


that  a signal  of  frequency 


CO 


from  a source  at  the  plane  z 
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of  amplitude  G(x')  is  incident  on  the  array,  and  the  array 

ia  focused  by  a chirp  signal  exp  j (co.  t + nt2/2 ) which  is 

mixed  with  the  signals  reaching  it.  The  output  of  the  array 

when  focused  on  the  plane  z , (u  = to  v^/zv „)  is 

s w 


j[(uyKo  )t  + (u/2)t2]  /•  * 

H(t)  - e ^ 8 J jf  F(x)  G(x') 

(t-^) 


dx  dx'  . (15 ) 


For  the  present  purposes,  we  represent  the  response  of 
the  elements  by  the  sampling  function  and  write 
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ju^x 

V 


F(x)  . F(xn)£&(x-xn) 


(16) 


If  again,  we  choose  for  simplicity  the  condition  cd^/v  = 
2n v,  , which  is  equivalent  to  choosing  a particular  time 
for  the  start  of  the  chirp,  we  can  write  the  output  in  the 
form 


3 * (~)2 
J 2 \ 2 ^ 


G(x')  dx' 
JlLX. 


S (t-^L) 

v \y  ' 


x £ F(*n) e 


(17) 


where  S(t)  = exp  J(<ot  + ut  /2)  , and  is  a function  of  unit 

magnitude.  The  signal  from  a point  source  at 
x'  = OfG(x')  = B(x)]  is  of  the  form 


3uxnt 


H(t)  = S(t)^F(xn)e 


jliXt 

V 


dx 


(18) 


Thus,  the  output  from  a focused  array  is  the  Fourier  trans- 
form of  the  response  of  the  array.  All  we  need  to  know  is 
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Consider  now,  a uniform  array  {F(xn)  = 1]  with  N 
elements  a distance  l apart,  whore  L - N/  is  the  length 
of  the  array.  The  output  from  this  array  will  be 


So  the  maximum  output  amplitude  is  at  t = 0 and  is  of 
amplitude  N , or  H times  the  output  from  a single  ele- 
ment. There  are  minor  lobes  at  times  nNlt/2v  » (2n+l)7r/2  , 
the  first  sidelobe  being  13  dB  reduced  in  amplitude  from  the 
main  lobe.  In  addition  there  are  grating  lobes  with  their 
own  sidelobos  at  [itt/v  = 2nm  , whore  m and  n are  integers. 


A simple  way  of  carrying  out  analog  computations  and 
illustrating  this  effect  is  to  use  a word  generator  to 
modulate  an  rf  signal,  then  take  the  Fourier  transform  of 
the  resultant  signal  in  a spectrum  analyzer.  The  result 
for  a 32  element  unapodized  system  is  shown  in  Fig.  10(a). 
The  13  dB  sidelobe  level  and  the  grating  lobes  can  clearly 
bo  seen. 


As  a second  example  we  can  considor  the  use  of  Hamming 
weighting.-^  In  this  case,  taking  x = 0 at  the  center  of 
the  array,  F(xn)  is  chosen  so  that 

o 705 

F(xn)  = k + (1  - k)  cos^  — ^ (20) 

la 


where  L is  the  length  of  the  array.  Ideally  for  k = 0.08 
the  sidelobe  level  should  be  reduced  by  J13  dB  from  the  main 
lobe.  The  maximum  output  for  N elements  will  be 

H(0)  « (21) 

» 0.5*tN  (k  =■  0.08)  . 

For  k = O.08  the  main  lobe  is  1.5  times  as  wide  at  the 


-48- 


1 


TWO-DIMENSIONAL  ACOUSTIC  IMAGING  SYSTEM 


295 


FIG.  l0--(a1  Top.  Point  response  t unction  for  a element 
uni  torn  array.  Nolo  -l',  ill!  side.l  obes 
iH'ar  the  contra!  Lobe  and  the  tar  grating 
side  lobes . 

v b ) Bottom.  Point  response  t unction  for  a ele- 
ment Hamming  weighted  array.  Note  5 dB 
side lobes  near  in. 


5 dB  points  as  for  the  unilonnlv  apod  iced  nrrav.  An  illus- 
tration of  Hamming  weighting,  taken  with  the  help  of  the 
analog  technique,  in  a element  svstem,  is  shown  in  Fig. 
10(bl.  It  is  clear  that  at  the  expense  ot  a slight  loss  in 
definition,  the  use'  of  npodizat ion  should  be  ot  great  help 
in  improving  the  sidelobe  level. 

We  now  consider  the  cited  of  errors.  It  is  apparent 
that  by  using  the  tormulne  already  given,  we  can  calculate 
the  effect  ot  both  amplitude  and  phase  errors  on  the  output 


i 


\ 


-40- 


296 


J.  FRASER  ETAL. 


response.  We  have  done  this  on  a computer,  and  also  employed 
our  analog  technique  for  the  purpose.  However,  it  is  helpful 
to  try  and  obtain  some  kind  of  analytic  formulae  with  which 
we  can  estimate  errors  and  find  how  many  elements  we  can 
afford  to  have  missing. 

Suppose  that  the  in  element  is  missing.  This  is 
equivalent  to  subtracting  an  error  term  c(t)  from  the  out' 
put  of  magnitude  . t 

J^m 

e(t)  = S(t)  F(xm)  e V (22) 

So  the  total  output  is 

H(t)  = H0(t)  - e(t)  (23) 

where  H_(t)  corresponds  to  the  output  when  there  are  no 
missing  elements. 

The  period  of  the  function  e(t)  depends  on  the  posi- 
tion x of  the  error.  If  it  is  in  the  center  e(t)/s(t) 
has  virtually  no  phase  change  with  time.  If  wc  suppose  chat 
the  level  of  e(t)  is  much  larger  than  the  sidelobe  level 
in  the  error  free  array,  we  see  that  the  sidelobe  amplitude 
relative  to  the  main  lobe  due  to  one  missing  element  will  be 


F(x  ) 
v nr 


m 


E F(*„)  - 


(2k  > 


In  a Hanroing  weighted  system,  this  corresponds  to 

. gF(%»> 


m 


N(1  + k)  - F(xm) 


(25) 


Thus  for  a missing  element  at  the  center  of  the  array,  with 
k = 0.08 


Rm  = O.JltN  - T 


(26) 


For  N a 32  elements  this  corresponds  to  R = 0.061  or 
-2U  dB. 
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A more  exact  calculation  would  take  account  of  the  side- 
lobe  level  already  present,  before  the  errors  were  intro- 
duced, i.e.,  0.007  down  from  the  main  lobe.  The  true  side- 
lobe  level  in  the  presence  of  errors  would  then  be  0.061  + 
0.007  or  -23  dB.  The  result  agrees  fairly  well  with  the 
analog  computer  result  shown  in  Fig.  11,  and  is  almost 
exactly  equal  to  the  results  of  the  computer  calculation. 

When  there  are  several  missing  elements,  the  question 
is  whether  the  effects  are  additive  or  tend  to  add  only 
randomly,  i.e.,  if  there  are  M missing  elements,  is  the 
amplitude  error  proportional  to  M or  M1'"  . Unfor- 

tunately the  former  proposition  is  the  more  accurate,  for 
if  we  suppose  that  there  are  several  missing  elements,  the 
effect  on  the  error  signal  is  like  that  of  an  array  made  up 
of  the  missing  elements.  This  array  produces  a signal  with 
a main  lobe  in  which  the  effect  of  all  the  elements  is  addi- 
tive, and  the  main  lobe  tends  to  repeat  itself  in  a distance, 
if  the  element  spacing  is  periodic,  corresponding  to  that  of 


FIG.  ll--Point  response  function  Cor  a V element  Hamming 
weighted  array  with  one  central  element  missing 
[31  elements  present!.  Note  that  the  absence  of 
this  single  element  raises  the  sidelobe  level  from 
-1(3  dB  to  -J"'  dB. 
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the  grating  lobes  of  the  error  array.  If  most  of  the  ele- 
ments that  are  missing  are  near  the  center  of  the  array,  the 
main  lobe  of  the  error  array  will  be  wider  than  that  of  the 
full  array,  so  that  there  will  be  sidelobes  of  full  ampli- 
tude near  to  the  main  lobe.  More  than  likely,  there  will 
be  other  sidelobes  of  similar  amplitude  further  out  from  the 
main  lobe  due  to  the  quasiperiodicity  of  the  error  signal. 

We  can  therefore  make  a good  estimate  of  the  relative  maxi- 
mum sidelobe  amplitude  due  to  errors  from  the  following 
formula: 


R a 


full  array 


F<*„> 

error  array 


-E 


F<»„) 

error  array 


(27) 


A picture  of  what  occurs  with  2 elements  missing  is  shown  in 
Fig.  12.  The  following  table  gives  computed  results  for 
several  cases,  results  taken  with  the  analog  system,  and 
results  obtained  from  the  "quick”  formula.  The  "quick" 
formula  is  seen  to  be  accurate,  and  indicates  that  the 
errors  due  to  missing  elements  tend  to  be  directly  additive, 
so  that  missing  elements  cause  serious  problems. 


FIG.  12--Point  response  function  for  a J2  element  Hamming 
weighted  array  with  two  elements  missing  (;>0  ele- 
elements  present,  central  element  and  third  from 
center  element  missing].  Note  sidelobe  level  is 
-18  dB. 
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TABLE  I:  Comparison  of  Sidelobe  Laval  Calculation  using 
Thraa  Tachniquas . In  all  cases  there  are  J2 
elements  {numbered  -16,  -15,  ....-1,  +1,  ....15 
16] . Hanning  Weighted . 


• Missing  "Quick" 

Elements  Calculation 
dB 


Ldelobe  Level 
Computer 
Calculation 
dB 


Analog 

Measurement 

dB 


-24 

1 

to 

Kji 

-22 

-18 

-23 

-18 

-22 

-22 

-21  ' 

-19.5 

-19-5 

-20 

-17.5 

-17.5 

-16 

-17.6 

-18.5 

-18 

-18 

-17 

-17 

-18.5 

-18 

-18 

-26.5 

-25.5 

-26 

-16,5 

-17 

-16 

-16 

-17 

-16 
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We  have  examined  possible  ways  of  compensating  for 
missing  elements.  One  method  is  to  increase  the  amplitude 
of  the  elements  on  each  side  of  a missing  element  by  a fac- 
tor of  1.5.  This  does  indeed  lower  the  sidelobe  level  to 
the  correct  background  level  in  the  neighborhood  of  the 
main  lobe.  But  as  can  be  seen  in  the  analog  result  of 
Fig.  15  and  from  the  error  theory,  the  amplitude  at  other 
times  will  vary  as 

e(t)  « S(t)  F(xn)  1 - cos  ^ . (28) 

Thus,  at  a point  halfway  along  to  the  main  grating  lobe, 
uft/v  = it  , and  the  error  is  now  5 times  the  original 
error  signal.  So  the  method  is  not  a useful  one.  It  is 
therefore  vital  to  carry  out  the  engineering  on  these 
phased  arrays  very  carefully. 

A further  situation  of  interest  is  that  associated 
with  the  use  of  an  extended  source,  and  with  obstructions 
in  the  path  of  the  acoustic  beam,  such  as  a rib  in  medical 
diagnostics.  We  deal  with  these  problems  by  considering 
the  error  signal  picked  up  at  one  element.  Suppose  first 
that  this  element  is  missing  and  we  are  concerned  with  the 
error  signal  from  a uniform  extended  source,  (G(x')  = 1] 
at  plane  z . It  may  be  shown  from  Kq.  (17)  that  the  ampli- 
tude of  the  signal  picked  up  by  a single  element  is  approxi- 
mately 


1 /XzX1' 

(0  = 1174 


H\)  s(t)  , 


whereas  the  signal  picked  up  by  the  full  array  has  a maxi- 
mum amplitude  Hn(t)  = N(l  + k)/2  . 

v itl8X 

If  R is  the  relative  error  signal  from  a point  source, 
we  see  that  the  output  from  an  extended  source  now  varies 
between 

I \ 1/8  , **  \1/s 

1 IHI<1+(^)  * • <50) 

If  the  sidelobe  level  were  25  dB,  i.e.,  R = 0.5 6, 

X = 0.6  mm,  f s 1.2  mm,  z = 15  cm  , this  formula  would 
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FIG.  13--Poi.nl  response  function  for  a 52  element  Hanning 
weighted  array  with  elements  adjacent  to  the  one 
missing  element  increased  by  1.5  in  amplitude. 
Top  - Compensated  array  with  missing  element. 
Bottom  - Point  response  function. 

Comparing  with  Fig.  11,  near  sidelobes  reduced 
but  far  sidelobes  increased. 


indicate  a variation  of  amplitude  from  0.7  to  1.3,  i.e.,  an 
amplitude  variation  of  over  5 dB  and  hence  dark  bands  in 
observing  a uniform  extended  source,  a problem  which  we 
often  encountered  in  our  experimental  systems.  The  basic 
reason  for  this  effect  is,  of  course,  that  the  sidelobes 
from  a uniform  array  of  sources  tend  to  add,  while  the  main 
lobes  do  not. 

On  the  other  hand,  this  effect  is  helpful  as  far  as 
obstructions  in  the  path  of  the  beam  are  concerned.  As 
long  as  the  obstruction  subtends  an  angle  at  individual 
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elements  far  less  than  their  acceptance  angles,  it  will 
only  obscure  a small  part  of  the  signal  reaching  an  indi- 
vidual element  in  the  array,  and  have  a very  small  effect 
on  the  sidelobe  level.  The  calculation  cun  bo  carried  out 
mathematically  by  treating  the  plane  including  the  object 
as  an  extended  source.  The  conclusions  reached  correspond 
to  this  simple  physical  picture. 


V . CONCLUSIONS 

We  have  shown  how  to  design  one-  and  two-dimensional 
electronic  focusing  systems,  and  demonstrated  that  the 
principles  of  design  are  valid.  A major  problem  is  that 
associated  with  sidelobe  reduction.  Apodization  is  of 
great  help  for  this  purpose,  but  can  fail  in  its  intent  if 
there  are  several  missing  elements.  It  should  however  bo 
possible  to  obtain  at  least  a-^O  dB  sidelobe  level,  and 
theoretically  -M  dB  by  careful  apodization  and  engineering 
design . 

The  image  of  an  extended  source  will  tend  to  have  large 
variations  in  amplitude  even  with  relatively  low  sidelobe 
levels,  i.e.,  there  will  be  dark  bands  in  the  picture.  This 
is  because  of  diffraction  effects.  By  using  a diffuse  wide- 
band (noise  modulated)  source  so  eliminating  coherence  in 
the  source,  it  should  be  possible  to  radically  decrease  this 
effect  without  loss  of  resolution.  This  approach  needs  fur- 
ther investigation. 

An  alternative  approach  with  many  additional  advantages 
is  to  use  a scanned  pulsed  source  as  well  as  a receiver. 

This  makes  it  possible  to  range  gate  the  system,  i.e.,  ob- 
tain good  resolution  in  the  z direction  as  well  as  in  the 
x direction.  In  such  a system,  if  we  pulse  the  source,  we 
will  obtain  essentially  the  same  resolution  or  better  than 
that  in  a CW  system,  provided  that  the  time  difference  be- 
tween rays  reaching  the  array  from  a point  is  less  than  the 
time  for  scan  of  one  spot  ts  - d^/v  where  dg  z\/L  is 
the  resolution.  We  have  carried  out  such  experiments  using 
a pulsed  point  source,  as  shown  in  Fig.  I h . As  the  pulse 
length  of  the  source  is  decreased,  the  received  signal 
width  decreases  slightly.  More  important  still,  the  side- 
lobes  are  cut  off.  In  addition,  the  range  resolution  be- 
comes equal  in  time  to  the  transverse  resolution  t,  when 
pulse  length  is  equal  to  t . It  is  possible  to  extend 
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GATED  TRANSMITTER 

PULSE  WIDTH  « 50p.s 
Z - 42cm 


GATED  TRANSMITTER 

PULSE  WIDTH  « 2/xs 
Z * 16.5" 1 41.9cm 


FIG.  l! --Point  response  funel Lon  obtained  with  an  Ml)  ele- 
ment receiver  svstem.  Clop):  Response  with  a 
long  transmitter  pulse.  ^Bottom):  Response  with 
a short  transmitter  pulse.  Note  elimination  of 
side  lobes  in  the  short  pulse  ease'. 


this  concept  to  envisage  a svstem  in  which  the  array  is 
used  as  a fast  scan  toeused  transmitter  as  well  as  receiver 
Such  an  arrangement  gives  a moving  point  source  at  the 
object,  should  eliminate  most  ot  the  sidelobe  problems  and 
give  good  range  resolution  lor  a H scan  device. 


r,'e  authors  would  like  to  acknowledge  the  tine  tech- 
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Acoustoelectric  Interactions  in  Acoustic- 
Surface-Wave  Devices 


GORDON  S.  KINO,  fellow,  ieee 


Abstract- The  principles  of  s wide  range  of  icomticsurface-wave  de- 
vices employing  scousioelecirlc  interactions  with  semiconductors  arc 
deKribed.  Il  is  shown  that  acoustoelcdric  amplifiers  can  Increase  the 
dynamic  range  of  a delay-line  filler.  Such  devices  have  been  operated 
on  a CW  basis  and  are  beginning  lo  become  practical.  The  acoustic  con- 
volver and  its  derivative  devices,  the  optical  scanner,  the  acoustic  focus- 
ing and  imaging  devices,  and  the  storage  correlator  are  described.  Sev- 
eral of  the  signal  processing  applications  of  the  convolver  ire  "discussed. 
Various  types  of  constructional  techniques,  including  the  air  gap  con- 
volver and  ai  oustocleclric  amplifier,  the  strip  coupled  and  external  di- 
ode convolvers,  the  use  of  piezoelectric  semiconductors,  deposition  of 
a semiconductor  on  a picroclcctric  substrate,  and  deposition  of  a 
pieaoelectcic  material  on  a semiconducting  aubstrale  ate  discussed. 


!.  Introduction 

ACOUSTIC  SURFACE  waves  propagating  along  the  surface 
of  a piezoelectric  material  have  an  electric  field  asso- 
l dated  with  them;  this  makes  it  possible  to  obtain  acous- 
toelectric interactions  of  the  acoustic  waves  with  the  carriers 
in  a semiconductor.  We  will  review  the  basic  types  of  acous- 
toclectric  interactions,  concentrating  entirely  on  acoustic 
surface-wave  devices.  We  will  devote  most  of  our  attention  to 
the  subject  of  nonlinear  effects,  but,  initially,  we  will  discuss 
acoustoelcdric  amplifiers  for  completeness,  because  the  basic 
acoustoelcdric  interaction  theory  is  well  illustrated  by  a con- 
sideration of  their  properties,  and  because  these  devices  may 
find  important  applications  in  the  future. 

When  a semiconductor  or  a metallic  conductor  is  placed 
close  to  the  surface  of  a piezoelectric  material  on  which  an 
acoustic  wave  is  propagating,  currents  will  flow  in  the  conduc- 
tor, and  there  will  be  a power  loss  associated  with  the  acousto- 
electric interaction.  However,  if  a dc  drift  field  is  applied  10 
drift  the  carriers  in  a direction  parallel  to  the  direction  of 
propagation  of  the  wave,  energy  can  be  delivered  from  the  car- 
riers to  the  wjvp  when  the  drift  velocity  of  the  carriers  is  larger 
than  the  phase  velocity  of  the  wave.  In  this  case,  unilateral 
traveling  wave  amplification  can  be  obtained;  so  a unilateral 
amplifier,  based  on  this  principle,  can  be  constructed. 

A second  example  of  acoustoelcdric  interactions  is  that  as- 
sociated with  nonlinear  effects.  Because  of  the  highly  non- 
linear relation  between  tire  current  and  the  field  in  a semi- 
conductor, nonlinear  acoustoelectric  interactions  between  an 
acoustic  wave  and  tlu*  semiconductor  can  be  relatively  strong. 
This  makes  it  possible  to  devise  various  paramedic  types  of  de- 
vices. An  important  class  of  such  devices  ate  the  so-called  con- 
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votvers  and  correlators;  these  take  the  product  of  two  signals 
and  form  the  convolution  or  correlation  integral  of  the  signals. 
A recent  development  of,  this  principle  is  a device  which  can 
store  signals  entering  it  and  take  the  correlation  of  the  stored 
signal  with  a later  signal. 

Yet  another  application  of  acoustoelectric  interactions  is  as- 
sociated with  imaging.  As  carriers  can  be  generated  within  a 
semiconductor  when  it  is  exposed  to  light,  the  nonlinear  inter- 
actions of  an  acoustic  wave  with  a semiconductor  can  be  in- 
fluenced by  the  presence  of  light.  By  this  means,  it  is  possible 
to  utilize  an  acoustic  pulse  to  scan  one  line  of  an  optical  image 
formed  in  a semiconductor.  By  using  more  complicated  scan- 
ning waveforms,  it  is  also  possible  to  obtain  spatial  transforms 
of  the  optical  image;  this  process  is  difficult  to  accomplish  di- 
rectly in  other  types  of  imaging  devices. 

There  arc  closely  related  devices  in  which  the  acoustic  sur- 
face waves  do  not  interact  directly  with  the  semiconductor, 
but,  instead,  are  sampled  by  means  of  taps  along  the  delay 
line.  The  signals  from  these  taps  arc  read  out  into  separate  di- 
odes or  amplifiers,  and  the  basic  convolution  process,  already 
described,  can  be  carried  out  in  these  external  devices  with 
such  a hybrid  system.  One  application  of  these  principles  is  to 
use  the  tapped  acoustic-surface-wavc  delay  line  as  a phase  ref- 
erence, and  utilize  it  for  imaging  acoustic  waves  sampled  by  an 
array  of  transducers,  one  transducer  to  each  tap. 

We  sec,  therefore,  that  there  is  a very  wide  range  of  applica- 
tion of  acoustoclectric  interactions.  Most  of  the  devices  which 
are  based  on  this  principle  are  still  in  the  research  stage,  al- 
though acoustic  convolvers  and  correlators  are  beginning  to  be 
tested  in  radar  and  communication  systems. 

II.  ACOUSTOKI.ECTRtC  AMPLIFIERS 


^ A.  General  Considerations 

wl  The  designer  of  acoustic-surface-wave  devices  has  to  contend 
w'ith  several  sources  of  loss,  as  well  as  with  problems  due  to  re- 
as.  flections  from  transducers,  taps,  and  from  the  edges  of  the  stir- 
nn.  face-wave  device.  In  addition,  there  may  be  difficulties  asso- 
|uj.  ctaled  with  excitation  of  bulk  waves.  The  mam  causes  of  loss 
an  are  associated  with  the  material  attenuation,  dilfraction  phe- 
ng  nomena,  and  mismatch  losses  at  the  transducers  |i).  Such 

jc.  losses  can  be  compen-atcd  for  by  the  use  of  external  ampli- 

on.  fters,  either  at  the  inp-.t  or  the  output  of  the  acoustic-surface- 
wave  filter  or  delay  line.  The  disadvantage  of  doing  this  is  in 
the  limitation  of  the  dynamic  range  of  the  system. 
i>nt  Suppose  that  we  consider  a delay  line  with  a total  internal 
Re-  attenuation  and  transducer  loss  of  I.  dB,  and  a maximum  input 
power  l\\i  due  to  saturation  effects  in  the  delay  line  or  break- 
down  in  the  input  transducer.  A device  of  this  kind  will  have 
act  * minimum  noise  figuic  of  L dB  relative  to  k777,  where  K is 
,ac'  Boltzmann’s  factor.  T the  icmporaturc  of  the  deuce,  anJ  H the 
;on.  bandwidth.  It  follows  that  the  dynamic  tange  of  the  device  is 
I01oplo(/Vxr«)  - /•  dB. 
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The  addition  of  amplifiers  at  either  input  or  output  can 
increase  the  minimum  sensitivity  or  the  maximum  output 
power,  but  this  limitation  on  dynamic  range  will  still  be 
present,  and,  in  fact,  may  be  more  severe  when  amplifiers  are 
used  at  the  input  or  output.  Such  a limitation  is  not  a serious 
one  when  relatively  low  loss  delay  lines  are  employed.  How- 
ever, in  applications  involving  very  long  delay  lines  in  which 
tta  internal  losses  may  be  SO  dB,  or  more,  the  dynamic 
range  may  be  severely  limited;  or  the  situation  may  even  be 
reached  where  the  delay  line  is,  in  fact,  not  usable  because  of 
its  excessive  losses.  As  an  example,  if  we  consider  a bismuth- 
germanium-oxide  delay  line  with  a saturation  power  of  0.2 
watts  and  a bandwidth  of  20  MHz,  the  dynamic  range  with 
only  3*dB  insertion  loss  in  each  transducer  would  be  1 18  dB 
but  with  10-dB  loss  in  each  transducer  and  50-dB  internal  loss, 
the  dynamic  range  is  reduced  to  54  dB.  Furthermore,  if  the 
transmission  loss  were  larger,  perhaps  as  much  as  100  or 
200  dB. as  it  might  typically  be  in  a delay  line  with  several  mil- 
liseconds of  delay,  the  dynamic  range  could  easily  be  reduced 
to  aero. 

An  additional  difficulty  with  acoustic-surfacc-wave  filters 
and  delay  lines  is  associated  with  reflections.  For  instance,  an 
interdigital  transducer  can  be  regarded  as  a three-port  network. 
If  it  is  well  matched  at  the  electrical  port  and  one  acoustic 
port,  it  has  a 3-dB  loss,  but  a 6-dB  reflection  on  one  acoustic 
port;  this  gives  rise  to  triple  transit  echoes  (2],  (3).  It  is, 
therefore,  common  practice  to  operate  with  severely  mis- 
matched output  transducers  and,  hence,  higher  loss  to  reduce 
the  triple  transit  echo  level. 

It  is  apparent  that,  ideally,  it  would  be  useful  to  have  an  in- 
ternal low  noise  unilateral  amplifier  within  the  delay  line  to 
eliminate  internal  reflection  problems  and  increase  the  dy- 
namic range.  The  noise  figure  of  an  ideal  amplifier  (0-dB 
noise  figure,  saturation  power  greater  than  that  of  the  delay 
line)  would  be  determined  by  the  loss  of  the  input  transducer; 
and  the  maximum  output  power  by  the  loss  or  breakdown  of 
the  output  transducer.  In  practice  active  amplifiers  have  their 
own  limitations  due  to  excessive  power  dissipation,  technolog- 
ical problems  of  construction,  higher  noise  figures  than  de- 
sirable, and  often  lower  output  power  than  is  desirable.  Thus 
although  such  amplifiers  have  been  demonstrated  in  principle 
and  shown  to  operate  in  a manner  well  predicted  by  theory, 
they  have  not  yet  received  wide  acceptance  in  their  applica- 
tions to  acoustic  delay  lines  because  their  characteristics  have 
not  been  good  enough  to  make  them  competitive  with  delay 
lines  using  external  amplifiers. 

fl.  Types  of  A toustoelectric  A mpUficn 

In  this  section  we  shall  icview  the  properties  of  acoustoelec- 
tric amplifiers,  both  in  order  to  show  the  nature  of  the  basic 
interactions,  and  to  discuss  the  technological  problems  associ- 
ated with  their  construction.  A review  of  their  piopertics  is 
also  of  interest,  because  it  will  lead  us  to  the  basic  configura- 
tion usee  in  the  acoustic  convolver  and  to  an  understanding  of 
the  theoretical  basis  for  study  of  mtci actions  between  acoustic 
surface  waves  and  semiconductors. 

There  are  several  possible  configurations  which  may  be  used 
to  obtain  interaction  between  a semiconductor  and  acoustic 
suiface  waves.  One  possibility  is  to  propagate  acoustic  surface 
waves  on  the  surface  of  a piezoelectric  semiconductor,  such  as 
GaAs  or  CdS  14)-(8).  In  the  first  case,  the  interaction  tends  to 
be  very  weak,  due  to  the  weak  Rayleigh  wave  piezoelectric 
coupling  coefficient  of  GaAs.  In  the  second  case,  because  the 


Fit-  I.  A schematic  of  tn  acoustic  amplifier  uslni  a film  of  InSb 
vacuum  evaporated  on  to  LiNbO,  |$). 

INTCHOlSlTAL 


Fig.  a.  A schematic  of  an  "airgap"  amplifier  with  sillcon-on-sapphire 
spaced  from  LINbO,  by  thin  SIO  rails  1 1 1 1. 

mobility  of  carriers  in  CdS  is  low,  and  it  is  difficult  to  obtain 
umfoim  and  reproducible  samples  of  the  material,  relatively 
little  attention  has  been  paid  to  its  applications  for  acoustic 
surface-wave  amplifiers.  However,  successful  Bleustein- 
Gulayev  wave  [5) -18)  amplifiers  have  been  made  with  the  use 
of  these  materials.  In  this  case  the  interaction  that  occurs  is 
with  a type  of  wave  which  is  closer  in  its  properties  to  those 
of  a bulk  shear  wave;  this  has  a higher  piezoelectric  coupling 
coefficient  than  a Rayleigh  surface  wave. 

For  these  reasons,  the  configurations  that  have  been  most 
commonly  employed  for  acoustic-surface-wave  amplifiers  are 
of  the  types  shown  in  Figs.  1 or  2.  In  Fig.  1,  there  is  shown 
an  amplifier  in  which  the  semiconductor  consists  of  a vacuum 
evaporated  film,  typically  of  InSb  {9|  or  CdSe  (10)  evapor- 
ated onto  a piezoelectric  substrate,  usually  l.iNbOj,  although 
other  materials  such  as  BitI  CeOJ0  have  been  used  on  occasion 
(9).  An  alternative  configuration  shown  in  Fig.  2,  one  on 
which  much  of  the  initial  work  in  this  field  was  carried  out,  is 
to  use  a material  such  as  Si,  separated  from  the  piezoelectric 
substrate  by  a small  airgap  of  the  order  of  1000  A ( 1 1 1 . In 
the  initial  experiment,  bulk  silicon  or  germanium  was  placed 
against  a PZT  or  LiNbO j substrate  (ll)-|13].  The  fact  that 
the  surfaces  arc  not  perfectly  flat  was  relied  upon  to  prevent 
mechanical  loading  of  Hie  substrale  by  the  semiconductor.  In 
later  experiments,  illustrated  in  Fig.  1,  SiOj  rails  were  used 
to  separate  a silicon-on-sapphire-slice  from  the  piezoelectric 
substrate  1 1 1 ). 

More  recently,  a mote  reliable  airgap  configuration  has  been 
developed  at  Lincoln  Laboratories  for  use  with  both  ampli- 
fiers and  convolvers.  This  configuration,  illustrated  in  Fig.  3 in 
the  form  employed  by  Ralston,  employs  a large  number  of 
small  posts  approximately  4 pm  square  to  maintain  the  spac- 
ing between  the  semiconductor  and  the  piezoelectric  substrate 
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f 581  and  Hers  1 59)  that  associated  techniques  like  the  mea- 
surement of  acoustic  loss,  the  measurement  of  the  de  term 
associated  with  the  nonli"c.irly  induced  potential,  and  the 
acoustoelectric  effect  (60| , can  also  provide  entirely  new  ways 
for  measuring  semiconductor  parameters  |5ti| . In  addition,  it 
has  been  observed  from  the  results  on  surface  state  storage  de- 
vices that  the  decay  times  of  surface  state  traps  can  be  mea- 
sured directly  by  such  techniques  |33|, 

One  of  the  basic  problems  with  airgnp  devices  is  that  the 
oxide  layer  is  not  covered  by  a material  impervious  to  im- 
purities. In  addition,  because  there  can  be  ehaigea  induced 
on  the  oxide  surface  and  on  the  piezoelectric  substrate  by 
friction  or  other  causes  during  assembly,  the  interaction  can. 
in  fact,  be  nonutuform  over  the  length  of  the  device.  A sim- 
ple technique  which  has  virtually  eliminated  this  kind  of  prob 
lent  ts,  not  to  oxidize  the  surface  in  the  normal  way  1 15).  If 
the  surface  is  left  with  a layer  of  oxide  20-50  A thick,  such 
as  mumally  grows  on  a clean  Si  surface  in  air,  a very  large 
number  of  suifaec  states  Is  produced,  In  this  case,  which  is 
different  from  (lint  with  a thick  oxide,  the  SI  underneath  the 
thin  oxide  is  normally  depleted  while  the  thick  oxide  on  an  »• 
type  semiconductor  normally  induces  accumulation  at  the 
surface,  llecanse  there  Is  a large  mimher  of  surface  stales 
present  in  this  ease,  it  is  extremely  difficult  to  change  the  in- 
ternal conditions  at  the  semiconductor  by  application  of  an 
external  do  field,  hot  the  same  leason,  surface  charges  on  the 
oxide  or  on  the  piezoelectric  siihsliate,  as  well  as  charges 
trapped  within  tire  piezoelectric  substrate,  have  very  little 
influence  on  lire  eonvoivci  behavior  and,  tlicictoic.  it  is  much 
easier  to  make  a uniform  convolver,  l-'uitheimore,  as  the  sur- 
face is  normally  depleted,  tins  ts  the  collect  opeiatmg  condi- 
tion for  op'imum  convolver  clltciency.  So  the  angap  con- 
volver with  a tlun  layer  of  oxide  on  the  suit  nee  is  tire  best  to 
use  for  normal  convolver  operation,  lire  surface  traps  them- 
selves, as  they  have  a slow  response,  do  not  inlluence  the  HI- 
behavior  and  so  tire  convolver  operates  in  a predictable  man- 
net,  as  shown  in  I able  II. 

On  the  other  hand,  if  good  optical  sensitivity  is  required,  i.e  , 
we  require  tire  earner  density  within  the  depletion  layer  tube 
influenced  by  the  presence  of  light,  then  the  presence  of  a 
very  large  number  ol  surface  states  of  (Ins  kind  appear  to  give 
poor  optical  sensitivity  I bis  is  basically  because  ot  the  lapid 
recombination  of  generated  carriers  that  occur  It  is,  there 
fore,  impoilant  to  eliminate  sutlaic  cllects  as  much  as  possi 
hie  in  optical  devices  In  a similar  way,  stoiage  deuces  based 
on  storage  m surface  states  have  problems  with  tionumfonmly 
ol  suifaec  slates  and  are  not  easy  to  control  thus  it  Iras  be- 
come important  to  devise  otlrei  techniques,  equivalent  to  the 
use  of  a buried  channel  m the  t'c'l).  tor  constructing  convert 
vets  which  eliminate  tire  interactions  at  the-  sinl.icc.  We  will 
discuss  these  luilhcr,  when  we  discuss  optical  imaging  amt 
stoiage  devices 

/ Oinical  Innig wg  with  Con\\>l\cn 

Hie  convolve!  conliguiaiion  can -be  used  to  detect  and  scan 
optical  images  It  has  alicady  been  pointed  out  that  it  is  pos- 
sible tc>  in  ike  use  of  the  nonhnc.ii  capacitive  otlcvts  clue  to  Kb 
electiic  iields  noinul  (o  the  suil.uo  to  obtain  an  c'lcctttcal  out 
put  signal  which  is  a line  van  ot  the  image  1-121  |-l-l|, 

It  is  also  possible  to  make  use  ol  the  piczonsisiiu-  ellect  as 
sociatc-d  wiili  (lu-  change  in  loss  caused  bv  the  change  m ic-'is. 
Unco  due  to  the  acoustic  stiam  m the  scum  omlm  toi  tl'cll 
I he  lallc'i  type  ol  ellc-ct  has  l»een  employed  vuy  successfully 


by  l.uukkala.  He  employs  C'dSe  deposited  on  l.iNbOy  to  ob- 
tain single  line  semis  and,  hence,  eonstiuets  an  image  by  me- 
chanically scanning  in  the  pcipcmlicutnr  direction  I -IS) , Koiti- 
leicli  has  also  used  this  effect  to  make  i-'outicr  transform 
devices  (4?) , 

It  Is  the  author’s  opinion  that,  with  the  advent  of  the  CCD 
technology,  it  is  unlikely  that  direct  optical  imaging  devices 
based  on  the  use  of  acoustic  waves  are  liable  to  be  competitive 
with  solid  state  TV  imaging  devices.  This  statement  Is  not 
based  on  the  theoretical  definition  or  sensitivity  of  acoustic 
imaging  devices.  With  sufficient  development,  it  is  possible 
that  the  results  obtained  could  be  comparable  lo  the  best 
CCD’s.  The  devices  are  parallel  processing  devices,  and  do  not 
read  out  the  signal  serially  through  the  registeis  as  in  a ('CD. 
Therefore,  the  readout  can  be  nondestructive  and  the  devices 
aie  not  as  sensitive  to  a missing  element  as  a CCD.  However, 
a consideiablc  investment  in  technology  would  be  requited  to 
make  competitive  optical  imageis,  and  it  is  unlikely  that  a 
device  with  a considerably  beltei  petfoimatice  than  the  highly 
developed  CCD  devices  would  be  obtained  in  Hie  long  run. 
On  Hie  other  hand,  the  acoustic  imaging  devices  have  unique 
capabilities  ot  their  own,  lhesc  aie  difficult  to  duplicate  in 
other  devices  and  make  them  useful  In  ccitam  specialized 
applications.  Some  examples  aie  as  follows. 

1 ) l hc  possibility  of  obtaining  veiy  fast  scan  tales. 

2)  I'be  possibility  of  duectly  obtaining  one  and  two  dimen- 
sional spatial  transforms  of  optical  images 

.0  The  possibility  of  wot  king  with  a wide  range  ot  optical 
dctcciois  in  both  by  hi  id  and  monolithic  eonfiguiations 
which  would  lead  to  new  types  of  inflated  sensitive 
devices 

4)  1 he  possibility  of  obtaining  clcctionie  focusing  of  optical 
images  without  the  use  ol  physical  lenses. 

5)  The  possibility  of  reconsliuction  of  optical  hologiams  m 
leal  time 


We  will  coneentiate  licie  on  the  application  of  the  convolve! 
configuration  m which  the  output  is  taken  trout  the  system  at 
the  stmt  ftequcitcy  of  the  input  signals,  although  we  shall  also 
considei  cettam  configiitalioits  in  which  the  output  is  taken 
fiom  the  system  at  the  input  licqtiency,  ie„  it  is  as  if  one  of 
the  input  signals  is  of  zeio  ficqucncy.  We  shall  not  deal  hi 
detail  with  all  the  otlici  alternative  coulig.iiations  which  have 
been  used  foi  optical  scanning,  instead  we  shall  emphasize 
transfoim  tec  hniqttcs,  a unique  application  ol  these  devices 
We  considei  the  ccmtiguiation  shown  m logs  15  and  total, 
which  is  illustiated  as  an  angap  device  hollowing  the  analysis 
lot  the  convolve!,  il  can  be  shown  that,  it  the  camel  density 
sanation  due  to  the  piesencc  ol  light  is »(.-),  and  the  two  input 
signals  aie  ol  ttequencies  c,<,  and  iOj  , respectively,  the  output 
I tom  the  device  will  be  ol  the  loim 
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when-  the  modulations  ot  the  two  input  signals  ate  I u)  and 
(<(rl,  icspci lively,  and  all  spatial  quantities  aie  iclened  to  the 
centei  ol  the  device  : - 0.  with  appiopnale  tune  i lianges  Sup 
pose  one  input  signal,  llic  Hanning  i'uIh  , is  a delta  IuikIioii, 
i e . / u)  -S(r > and  the  c'thci,  the  hiiJtng  pn/i,  , is  a long  t W 
pulse  In  addition,  it  we  a-sinno  that  the  system  is  degc-neiate 
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TABU-  I 

Some  Materiais  Suitarle  ro«  Acoi  -.tofi  rciRic  Acoustic  Surface 
Wave  Dfvicfs (I). (3).  ISJ. (19] 


Malcri.il 


Rayleigh 
Wave 
Velocity 
F(m  It) 


T 

<pl<  o 


&V/V 

(percent) 


liNbOj,  Y-cut.Z-ptop.  3330  50.1  2.2 

Quart/,  Y-cut,  AT-prop.  3159  4.5  0.093 

CdS,Y-cut,  2-prop.  1716  9.8  0.26 

GaAs,  Z-cut,  22.5\  A'-piop.  2763  11.0  0.024 

111 , jCJeOjo*  (t  1 1 l-cut 

jltoj  prop.  1708  38  0.68 

ZnO,  Z-cut,. Y-prop.  2680  10  0.045 

rZl  4,  Y-prop.  2210  1385  2.4 


-0  » 


i.o 


o o.» 

oRirr  voltasi  tEvi 

l if.  4.  Internal  gain  and  internal  noi\e  fifiite  versus  voltage  for  a 5-min 
long  amplifier  segment  of  tlie  Ralston  post  supported  silicon  on 
sapphire  amplifier  (|4|  lheoretiv.il  pcrlonnaiue  is  valciilated  for 
the  parameters  / 1 • 0.13  urn,  d J 0.56  um,  u 1 500  cm’/V-s,  oif  c 
2,5  X 10'*  mho',  10  percent  electrons  trapped. 


terial.  Further  examination  of  the  theory  shows  that  the 
higher  the  permittivity,  the  lower  the  optimum  frequency. 
Thetefote,  l’ZT  materials  with  their  very  high  dielectric  con- 
stants tend  to  be  applicable  at  very  low  frequencies,  whereas  a 
iuateii.il  I the  l.iNbO.»  is  more  suitable  for  applications  m the 
UHF  or  VHF  frequency  range. 

Some  recent  tesults  for  the  gam  variation  with  acoustic  ve- 
locity of  a cw  silicon  on  sapphire  amplifier  taken  by  Ralston 
in  the  configuration  of  Fig.  3 are  shown  in  Fig  4.  They  are 
seen  to  be  in  good  agreement  with  the  theory.  It  would  be 
expected  that  the  internal  electronic  gain  would  be  zero  when 
the  earner  velocity  is  equal  to  the  acoustic  velocity,  and  in- 
crease to  a maximum  value  where 

I’o/t'a  = oJMlc0  * 1 (2.8) 

When  the  carrier  drift  velocity  is  less  than  the  acoustic  velocity 
or  negative,  i.c„  for  waves  piopagatmg  in  the  opposite  direc- 
tion ftom  the  earner  drift  velocity,  there  is  enhanced  attenua- 
tion due  to  the  piesenec  of  the  semiconductor.  The  attenua- 
tion is  maximum  where 

t’o/i'u  = 1 " Oi/.W/ct'j  (2.9) 

The  device,  theiefore,  functions  as  a nonteciprocal  device. 


Fig.  5.  A comparison  of  the  measured  frequency  variation  of  the  elec- 
tronic gain  with  theory  | I 7 | for  a vacuum  deposited  InSb  amplifier 
of  the  type  shown  in  i'ig  I |9  |.  The  curve  for  l'ZT-4  is  a theoretical 
one.  d ~ 550  A;  oif  * 35  X t0‘‘  mho’ ; p - 350  cm’/V-s:  h « 300  A 
for  the  LiNbOj  amplifier. 

D.  Experimental  Devices 

It  will  be  noted  that  the  optimum  value  of  the  diift  velocity 
for  maximum  gain  varies  linearly  with  od.  By  working  with 
a very  low  mobility  semiconductor  such  as  CdSe,  with  100 
cm5/V  • s,  it  is  possible  to  obtain  a very-low  conductivity.  But, 
because  of  the  low  mobility,  a very  large  drift  field  is  required. 
Such  conditions  have  been  shown  to  be  practical  fot  C'W  op- 
eration by  Solie  in  an  accompanying  paper  |20).  In  lus  work 
he  divides  the  semiconductor  up  into  small  sections  across 
which  the  de  potential  is  applied,  so  that  the  potential  to- 
quited  across  any  section  is  relatively  small,  even  though  the 
applied  fields  may  be  as  much  as  several  kV/ctn.  In  Solie ‘s 
case,  the  applied  fields  in  neighboring  sections  of  semiconduc- 
tor are  of  opposite  sign  so  that  alternate  sections  function  as 
amplifiers  and  attenuators  lespectively,  this  implies  that  the 
device  functions  as  a reciprocal  amplifier.  In  earlier  work  by 
Lakin  and  Shaw  |ll|,  the  applied  fields  in  neighboring  sec- 
tions were  of  the  same  sign,  m order  to  realize  a low  potential 
nonteciprocal  amplilier. 

The  alternative  approach  employed  by  Lakin  and  Shaw  1 1 1 ), 
Coldren  (9|.  Yamanouchi  (21],  and  most  recently,  Ralston 
1 14),  is  to  woik  with  as  high  a mobility  semiconductoi  mate- 
rial as  possible,  with  the  minimum  practical  value  of  ad,  in  or- 
der to  obtain  CW  operation  In  Ralston's  case,  he  has  worked 
with  high  quality  silicon  on  sapphire  with  a mobility  of 
800  cm}/V  ■ s and  an  extremely  low  value  of  od  of  2.5  X 10'® 
to  realize  a CW  amplifier  | |4| . 

In  (2.7),  for  the  gam  pet  unit  length  there  is  a term  which  in- 
creases as  l/.\,  and  another  which  decreases  with  the  gap  thick- 
ness in  wavelengths  Hence  the  gam  passes  through  a maxi- 
mum value  at  a p.uticulat  frequency  which  depends  on  the  gap 
thickness  and  the  dieleetnc  constants  involved.  Some  plots  of 
measured  and  theoietical  gam  of  an  InSb  on  LiNbOj  ampli- 
fier, measured  by  Coldren,  as  a function  of  ftequcncy,  ate 
shown  in  Fig.  S compared  to  the  theoietical  piediclions.  It 
will  be  seen  that  the  results  ate  m excellent  agreement  with 
(booty.  The  opetadon  of  the  device  is,  thercloie,  well  undei- 
stood. 

Devices  of  tins  kmd  have  typically  given  internal  eleciiomc 
gains  of  the  oidei  ol  <>0  dB/cm  in  the  200-Mil/  range,  with  the 
maximum  gam  obtained  at  frequencies  as  high  js  ) (ill/  This 
maximum  gam  is  detenumed  by  the  salination  power  ol  the 


m 


PROCEEDINGS  Ol'  THE  IEEE,  MAY  1916 


device,  when  it  saturates  on  noise.  The  noise  figure  is  predict- 
able, and  depends  to  some  extent  on  trapping  effects  in  the 
semiconductor.  Some  noise  figure  results  are  shown  in  l:ig.  4. 
An  8-10  dB  noise  figure  is  a typical  value  for  reasonable  qual- 
ity material.  Tins  implies  a maximum  saturation  gain  of  about 
80  dB.  Thus  the  devices  must  normally  have  the  gap  between 
the  semiconductor  and  the  piezoelectric  substrate  optimized 
in  thickness  to  cause  the  maximum  gain  to  occur  at  the  fre- 
quency of  operation  of  interest. 

Operating  with  InSb  on  a closed  loop  delay  line  of  the  type 
described  by  Coldrcn  and  Shaw  in  an  accompanying  paper 
(221 , it  has  been  possible  to  compensate  for  the  loss  of  a wave 
passing  under  the  semiconductor,  around  the  back  of  the  delay 
line,  and  returning  and  passing  again  under  the  semiconductor. 
After  many  transits,  the  attenuation  m such  delay  lines  can  be 
extremely  large,  of  the  order  of  many  hundreds  of  dB.  By  just 
compensating  for  this  attenuation,  it  is  possible  to  cancel  it 
out  and  observe  an  output  signal  comparable  to  the  input,  Us- 
ing a delay  line  with  a 2S-jjs  loop  delay,  it  was  possible  to  op- 
erate it  in  the  linear  regime  with  approximately  150  loops  of 
the  delay  lines,  i.c.,  a total  time  delay  of  3.75  ms  Beyond  this 
point,  because  of  the  imperfect  compensation  of  the  loss  by 
the  gain,  the  output  signal  began  to  increase  and  the  device  be- 
came unstable.  Operating  in  a saturated  regime,  where  the 
output  power  was  saturated,  it  was  possible  to  increase  the 
stable  operating  regime  to  approximately  10  ms.  In  all  eases, 
of  course,  it  was  necessary  to  design  the  device  veiy  carefully 
so  that  the  maximum  gain  was  at  a point  very  close  to  the  fre- 
quency for  which  the  minimum  internal  loss  within  the  device, 
which  was  of  the  order  of  IS  dB  per  loop,  was  just  compen- 
sated. 

One  other  feature  of  this  type  of  interaction  which  may  be 
of  importance  in  the  future,  is  its  application  to  so-called 
"Aviv"  waveguides.  As  we  have  seen,  when  a semiconductor 
or  metal  is  placed  near  the  piezoelectric  substrate,  it  lowers  the 
effective  Rayleigh  wave  velocity,  due  to  its  short  circuiting  of 
the  RF  fields.  By  using  a narrow  strip  of  scmiconduetoi,  the 
wave  velocity  in  the  semiconductor  region  will  be  lower  than 
that  of  the  region  outside  the  semiconductor,  and  an  amplifier 
can  itself  form  a waveguide.  Coldrcn,  working  with  a 25-grm 
wide  layer  of  InSb,  was  able  to  construct  such  a waveguide 
amplifier,  and  operate  it  on  a CW  basis  (221 , This  was  because 
the  configuration  allowed  heat  dissipation  sideways  from  the 
semiconductor  as  well  as  downwards  into  the  LiNbOj  sub- 
strate. Such  techniques  have  also  been  used  to  construct  low 
loss  waveguides  by  Hughes  (231  and  used  fot  loop  delay  lines 
by  Adams  and  Shaw  (241. 

The  basic  problem,  of  course,  w ith  a traveling  wave  semicon- 
ductor amplifier  is  the  fact  that,  as  the  gam  is  increased,  the 
length  of  the  device  becomes  laiger  and  hence  the  power  dissi- 
pation increases.  This  is  a veiy  different  situation  fiom  that  of 
the  electron  beam  traveling-wave  tube.  The  state  of  the 
technology  at  the  present  tune  is  that  the  devices  aie  beginning 
to  be  opeiated  lehably  on  a CW  basis,  but  with  noise  tiguies 
and  power  dissipations  considerably  higher  and  efficiencies 
consideiably  lower  than  tiansistoi  amplifiers  operating  in  the 
same  frequency  ijiige.  It  is,  therefore,  not  yet  piaetical  to  op- 
erate these  devices  in  short  delay  lines  to  compensate  for  in- 
ternal losses.  However,  in  special  appln  at  ions  where  very  long 
delay  lines  are  icquucd  and  it  is  not  possible  to  compensate 
for  their  losses  externally,  the  use  of  such  amplifiers  may  be 
approaching  practicality  It  is  apparent,  howcvei,  that  further 
improvement  in  the  power  dissipation  and  in  the  noise  figuic 
of  these  amplitieis  would  be  highly  desuable.  It  tins  could  be 


accomplished,  then  the  application  of  these  amplifiers  in  delay 
line  filters  would  be  of  great  importance. 

III.  The  Acoustic  Convolver 
A.  The  Basic  Principles 

The  most  important  application,  to  date,  of  the  acoustoclec- 
trie  effect  is  to  the  ASW  convolver,  whose  operation  is  based 
on  the  nonlinear  interaction  between  two  acoustic  surface 
waves.  When  two  surface  waves  pass  each  other  in  opposite 
directions,  it  is  possible  to  obtain  an  output  signal  at  their  sum 
frequency  which  is  an  integral  of  the  product  of  the  two  sig- 
nals within  the  device.  This  is  equivalent  to  taking  the  con- 
volution of  the  two  input  signals  in  real  time. 

In  order  to  describe  the  principles  of  operation  of  the  con- 
volver, we  first  consider  a simple  piezoelectric  surface-wave 
device  in  which  there  is  no  semiconductor  present,  but  in 
which  there  can  occur  a nonlinear  interaction  between  two 
acoustic  surface  waves  propagating  along  the  surface  of  the 
substrate.  We  suppose,  initially,  that  there  arc  two  CW  RF 
signals  inserted  at  each  end  of  the  delay  line  with  frequencies 
and  , respectively.  If  the  line  is  of  length  /.,  the  signals 
at  any  point  z along  the  device  will  be  of  the  forms  exp  /oi,(f  - 
z/e)  and  exp  /w}(r  + z/u),  respectively,  where  u is  the  acoustic 
velocity.  Suppose  now  that  there  arc  nonlinear  interactions 
between  the  two  signals  due  to  the  nonlinear  properties  of  the 
substrate.  Then,  in  this  piezoelectric  material,  second-order 
potentials  will  be  generated  at  frequencies  cjt  t , 2<j(  , and 
2wj  as  well  as  dc  potentials  proportional  respectively  to  the 
squaies  of  the  two  input  signals.  At  the  plane  z,  the  signal  at 
the  sum  frequency  will  have  an  associated  potential  at  the  sur- 
face of  the  substrate  of  the  form 

$(f,z)*/l  exp/lfw,  +w, )t  - (w,  - Wj)r/i>l  (3.1) 

where  A is  an  arbitrary  constant. 

It  is  apparent  that  the  signal  at  the  sum  frequency  can  he 
delected  by  an  intcrdigit.il  transducer  of  finger  pair  spacing 
l which  is  capable  of  responding  to  a wave  with  a propaga- 
tion constant  k}  “ (w,  - to2 )/»*,  such  that  kyl  a 2x.  Perhaps, 
the  most  interesting  case  is  the  degenerate  case,  when  iO|  a 
Wj  c w,  so  that  ky  = 0.  Then  the  potential  of  the  nonlinearly 
generated  signal  does  not  vary  with  z,  and  can  be  de- 

tected between  metal  films  laid  down  on  the  top  surface  and 
lower  surface  of  the  piczoelcctiic  substrate  The  two  possible 
eonligurations  for  the  output  transducers  are  illustrated  in 
Fig.  (»|25). 

Now  let  us  consider  the  form  of  the  output  from  a device  of 
this  kmd  when  the  two  input  signals  are  modulated  and  have 
the  forms  F(t)  exp /tor.  and  G(t)  e\p/wf,  respectively.  In  this 
case,  the  degenerate  convolver  will  yield  an  output  of  form 


V ~ cvl/u" 


PRM'' 


(/.  - Z) 


(3.2) 


where  ('  is  a constant  which  is  related  to  the  strength  of  the 
nonlinear  interaction,  the  distance  between  the  input  trans- 
ducers is  taken  to  be  I. , and  the  mtcgiation  is  earned  out  over 
the  length  of  the  output  transducer  /. 0. 

If  the  spatial  length  of  the  acoustic  surface  input  signals  on 
the  substrate  is  less  than  that  of  the  output  transducer  /0, 
then  the  mlcgial  of  (3  2)  can  be  regarded  as  having  infinite 
limits  with  complete  geneiahty.  It  is  then  convenient  to  sub- 
stitute I - z/u  = r in  t3.2),  and  write  it  in  the  form 


V a Dc 


J/ior 


l\r)  (i{2t  - r-  D dr 


(3  3) 
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fig.  t>  Twi  possible  v'.mfigmsitu'm  for  a«  acoustic  convolver.  (a)  A 
degenerate  convolver  with  the  output  tiansduccr  consisting  ot  metal 
films  deposited  on  top  and  bottom  of  surfaces  of  tbe  pie/oeleetnc 
substraie,  (b)  A comolser  with  an  interdigital  output  transducer 
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where  D is  n constant  related  to  the  strength  of  the  interaction 
between  the  waves,  and  T = L/v  is  the  delay  time  of  an  acous- 
tic surface-wave  passing  along  the'  delay  line. 

hquation  (.1.3)  will  be  recognized  as  being  closely  related  to 
the  convolution  of  the  two  input  signals  The  only  difference 
from  the  tine  convolution  tv  that  the  output  signal  is  com- 
ptessed  by  a factor  o'  2 in  time,  this  is  because  the  two  acous- 
tic sutface  waves  pass  each  other  at  a velocity  2c  This  pic's  ess 
of  convolution  i\  exactly  what  occuis  when  a signal  is  passed 
into  a tiller,  where'  the  output  obtained  is  the  convolution  of 
the  signal  and  the  impulse  response'  of  the  fillet,  as  illustrated 
m Tig  ?ta)  In  the  convolver . as  illustrated  m big  7(b),  be- 
cause the  reference  consists  or  another  signal,  if  is  possible  to 
change  the  tefeience  or  the  filter  response  at  will  Thus  the 
convolver  is,  m principle,  an  extiemeiy  flexible  device  and  may 
be  used  to  recognize  d'gital  codes  consisting  of  long  pulse 
tiams  oi  analog  codes,  such  as  linear  l-M  chirps  Such  demon- 
strations were  made  with  the  eatly  fotms  of  the  convolver, 
using  both  degenerate  types  of  convolvers  and  nondegeneiate 
convolvers  with  an  mteidigital  output  transducer  The  reader 
ts  leteircd  to  the  papers  by  Catatella  {31 1 and  Dcfianould 
i 27 1 and  Solre  | 30)  for  some  of  the  mote  iceent  results  of  this 
type 
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It  was  also  shown  that  time  inveited  signals  could  be  ob- 
tained from  the  device'  by  inserting  a signal  of  frequency  w, 
into  one  end  of  the  device,  and  a narrow  pulse  of  frequency 
toj  at  the  center  tiansducci  to  obtain  a time  inveited  output 
signal  at  the  input  tinnsducei  of  frequency  (0}  » co.i  - <o( 

1 25 1 , So  by  using  one  device  as  a time  inverter,  and  feeding  its 
output  into  a second  one  which  was  used  as  a convolver,  the 
correlation  between  two  input  signals  could  be  obtained  An 
tllusti.it ion  of  the  results  obtained  by  Gautier  126)  using  two 
degenerate  ..emieonductor  convolvers  in  this  way  is  shown  in 
Fig  8.  In  his  ease,  the  dynamic  range  obtainable  with  the  type 
of  semiconductor  convolver,  a device  to  be  described  later 
which  has  more  dynamic  range,  was  only  20  dll.  With  a simple 
convolver  using  the  weak  nonlinearity  in  l.iNbOj,  it  would  not 
have  been  possible  to  obtain  this  result,  because  of  the  limited 
dynamic  range  of  the  individual  devices.  Thus  a basic  problem 
is  to  obtain  a sufficiently  strong  nonlinear  interaction,  so  that 
the  dynamic  range  of  the  device  is  not  limited  by  the  weakness 
of  the  mtciaction. 

It  is  convenient  to  define  a figure  of  merit  of  such  devices, 
relating  the  output  power  to  the  input  Rb"  signal  powets 
}\ . and  l\  , respectively,  as 

/••w  . (3.4) 

Dux  figuse  of  met  it  takes  account  of  losses  m the  input  tuns- 
ducer  and  the  output  tiansducci,  as  well  as  the  stiougth  of  the 
nonlinear  mtciaction.  Typical  1 iN'bOj  convolvers  fot  the 
100-300  MHz  fiequeney  range,  using  an  acoustic  beamvvidth 
w --  1,37  mm  and  output  tinnsducei  length  2 cm,  yielded  a fig- 
ute  of  merit  corresponding  to  - -83  dBm  {251  This  im- 
plies that,  w ith  I'}  20  dllm  as  the  reference  input,  the  output 

signal  level  would  be  reduced  by  03  dll  from  the  input  signal. 
Thus  if  the  salutation  power  of  the  input  transducers  was  of 
the  ordei  of  20  dBm  and  the  noise  figure  ot  the  receiver  was 
typically  10  dBm,  the  dynamic  range  of  the  device  would  be 
20  <>3  ( 90)  - 47  dB 

A considerable  unpiovcment  in  the  ehaiacteustics  of  con- 
volve!» can  be  obtained  by  nai rowing  the  beamvvidth  w In 
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this  case,  the  power  density  is  increased,  and  the  efficiency  of 
the  device  increases  as  l/u,s . By  (Ins  means,  it  has  been  shown 
by  Dcfranould  and  Macrfeld  in  a paper  Riven  in  this  issue,  that 
by  reducing  the  bcamwidth  to  100  jam  from  1 nun  with  strip 
coupler:  input  transducer,  they  can  obtain  approximately  a 
20-dB  improvement  in  efficiency,  thus  increasing  the  dynamic 
range  by  a corresponding  amount  (27) , 

B.  Principles  of  Operation  of  Semiconductor  Convolvers 

An  alternative  approach,  to  which  a great  deal  of  attenuation 
has  been  devoted,  is  to  increase  the  strength  of  the  nonlinear 
interaction  by  making  use  of  the  nonlinear  response  of  a semi- 
conductor coupled  to  the  Rb  electric  fields  of  the  acoustic 
waves  propagated  along  the  piezoelectric  delay  line.  Two 
types  of  interactions  with  semiconductors  are  possible  longi- 
tudinal interactions  in  which  the  nonlinearity  is  caused  by  the 
electric  field  parallel  to  the  direction  of  propagation  (20), 
(28)  and  transverse  field  interactions  caused  by  an  electric 
field  pcrpenduulai  to  the  direction  of  piopagation  and  to  the 
surface  of  the  semiconductor  1 2$) , 1 261 . 1 2‘>|-(3I  | . 

With  the  first  type,  because  of  symmetry,  output  ftom  a 
convolver  is  only  obtained  when  a drift  field  is  applied  to  the 
semiconductor.  So  the  interaction  is  essentially  based  on  the 
nonlinear  aconstoelectric  effects  which  occur  in  an  acoustic 
amplifier.  In  general,  when  a drift  field  is  applied,  the  two 
waves  passing  through  the  device  m opposite  directions  suffet 
unequal  attenuations  ot  amplification,  and  so  the  product  sig- 
nal obtained  is  not  the  true  convolution  of  the  two  input  sig- 
nals, On  the  other  hand,  if  the  device  is  divided  into  short  sec- 
tions to  which  alternating  drift  fields  are  applied,  then  both 
signals  will  suffet  equal  attenuation,  or  better  still  giossth,  and 
a true  convolution  can  be  obtained  with  the  additional  advan- 
tage of  compensation  foi  attenuation  within  the  device  Con- 
volvers with  a figute  of  merit  of  /•'  ■ ~lo  dllin,  based  on  this 
principle,  have  been  made  by  Solic  (20|  using  CdSe  laid  down 
on  LiNbOj.  Some  of  lus  results  are  descubid  m this  issue. 
Therefore,  we  shall  concentrate  on  the  tiansvrise  field  mtetac- 
tion  devices. 

The  configuiation  which  has  received  by  tai  the  most  atten- 
tion foi  use  as  a semiconductor  convolver  isot  the  type  shown 
in  big.  9.  It  will  be  seen  that  the  basic  construction  is  veiy 
similai  to  that  ol  the  aioustic  ompliticr.  Howevei.uow  the  in- 
teraction is  essentially  between  the  electric  field  / v normal  to 
the  suitace  ot  the  semicondvutoi  and  the  camels  m the  semi 
conductor  1 y pis  ally , a lelativcly  thick  seniKondintoi  layer, 
thicker  than  the  layei  used  in  the  acoustic  ampltlicr,  is  cm 
ployed  so  that  the  paiallel  field  component  I',  tends  to  be 
shoiled  out 

Semiconductor  depletion  layei  theory  leads  to  the  condu 
sion  that  a depletion  layei  ol  thickness  I will  be  loimed  m an 
n-type  senucondocioi  ot  donoi  density  A',j  such  that 

P * ‘/KtUc  (3.3) 

whcie  /.'  is  the  field  noinia!  to  the  suitace  and  t is  the  peimit- 
tivily  ot  the  semiconductor  In  turn,  this  implies  that  the  po- 
tential act  os'  '.tie  depletion  layei  is 

<3.b> 

It  is  thus  appaient  that  the  potential  tc'imed  across  the  deple- 
tion layei  is  piopoitioiial  to  the  squaie  ot  the  held  and  vanes 
inversely  with  the  donoi  density  It  is  as  it  the  semiconductor 
behaves  as  a distnbuted  vaiactoi,  with  a considerably  stionger 


Fig.  9.  A cchematk  of  an  "alrgap"  silicon  convolver  spaced  by  SIO 
tails  |2S|,  1 29 1 . 

nonlinearity  than  can  be  obtained  in  the  piezoelectric  material 
itself. 

By  employing  this  principle,  a convolver  of  the  type  shown 
in  ITg.  9 can  be  constructed.  In  this  case,  the  potential  gener- 
ated across  the  depletion  layer  at  any  point  is  proportional  to 
the  product  of  the  two  input  signals.  The  output  is  detected 
between  an  electrode  on  the  lovvei  surface  of  the  piezoelectric 
material,  capacttivcly  coupled  to  the  surface  of  the  depletion 
layer,  and  an  electrode  on  the  top  surface  of  the  semiconduc- 
toi.  The  output  potential  will  be  proportional  to  the  mtegial 
of  the  induced  depletion  layer  potential  along  the  length  of 
the  semiconductor. 

‘I  he  employment  of  a semiconductor  in  the  convolver  im- 
plies that  several  ot  the  well  known  principles  developed  for 
other  semiconductor  devices  can  be  incorporated  within  the 
convolver  itself.  As  we  have  seen  in  logs.  and  tb),  the 
convolver  itself  is  equivalent  to  a network  filter , withanarbi- 
tiaiy  reference  network  determined  by  a second  input  signal 
If  storage  in  either  p-n  junctions,  Schottky  barriers,  or  surface 
states  at  the  surface  of  the  semiconductor  can  be  employed, 
then  it  is  possible,  as  illustrated  in  Fig  7tc)  to  construct  a stor- 
age device  (321-137) . Alternatively,  following  the  vvotk  on 
bulk  waves  by  Melchci  and  Slnren  (381  storage  can  be  ob- 
tained m traps  in  (MS  or  other  matciials  (39| (40)  In  this 
case,  a signal  l\t)  can  be  read  into  the  device  and  stoied  at  the 
sui face  of  the  semiconductor  as  a spatial  sanation  of  chaige 
along  the  sui  face  of  the  semiconductor  of  the  lorm  P(:/v) 
When  a later  signal  (>'(()  is  lead  into  the  device,  it  is  possible  to 
obtain  an  output  as  illustiated  m big  7(c),  which  is  either  the 
convolution  oi  the  coitelation  of  the  two  input  signals  Now, 
however,-  the  teleteuce  signal  does  not  have  to  be  tead  in  at 
tlie  same  tune  as  the  signal  to  be  interrogated  It  can  be  tead 
m within  the  storage  time  ol  the  device,  winch  can  be  in  the 
uiige  ot  a few  mivioseconds  to  a few  seconds,  depending  on 
the  design  of  the  device. 

An  example  ol  the  use  of  such  devices  could  be  to  employ 
them  m a iad.it  system.  Suppose,  lor  instance,  that  a coded 
signal  is  emitted  l tom  the  udat  antenna  and  rctlcctcd  ftom  an 
object  The  received  signal  is  then  stoied  m the  correlator 
storage  device.  If  a later  signal  liom  anotliei  pait  of  the  otqect 
oi  trom  a nroie  distant  object  was  icceived  and  then  couclatcd 
with  the  eailiei  signal,  the  distoirion  due  to  the  ettois  in  the 
ladai  system  itsclt,  oi  due  to  mhomogcneitics  in  the  ntmcv 
spheie,  could  be  removed,  lot  both  the  icteiciiee  and  the  sig- 
nal ot  mtcicst  would  have  sutlcicd  the  same  distortion  Such 
coiielations  would  take  place  m leal  tune,  a coiiMdeuble  ad- 
> am  age  m a sophisticated  iad.u  system  (371,  l -til 

As  a second  example,  we  can  coiisidei  tli  • situation  when  the 
semic onducloi  is  illuininated  by  an  optical  image  (4  2|-(-t7| 

II  we  icgaid  the  acoustic  beam  path  as  one  line  ot  the  image, 
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Fig.  10.  An  “aiigap"  convolver  separated  l>>  4 pin  wide  tails  etched  in 
LiNbO,  1 02 1 


then  the  carrier  density  along  the  semiconductor  will  depend 
on  the  external  illumination.  As  we  have  already  seen,  the 
convolvci  output  depends  inversely  on  the  carrier  density. 
Therefore,  the  output  of  the  convolver  will  depend  on  the 
change  d(z)  m the  output  from  a plane  : due  to  the  illumina- 
tion. In  general,  when  input  signals  /•'(/)  and  (*(r)are  inserted 
into  the  convolver,  the  output  obtained  will  he  that  shown  in 
l:ig.  7(d).  Thus  we  obtain  a type  of  correlation  between  the  il- 
lumination along  one  line  of  the  image  and  the  input  signal. 

Suppose  one  signal  l\t)  is  a delta  function  and  the  otliei  a 
long  pulse,  then  the  output  obtained  will  be  a line  scan  of  the 
image.  On  the  other  hand,  if  the  input  signals  aie  coded,  it  is 
possible  to  obtain  the  Fourier  transfonn,  the  Fresnel  tuns- 
form,  or  other  coded  transforms  of  the  optical  image  As  suit- 
able delay  lines  can  be  used  to  obtain  the  inverse  tiunslorm  of 
these  coded  signals,  it  is,  theiefore,  possible  to  leeonstiuct  the 
original  image  In  addition,  it  is  possible  to  carry  out  various 
types  of  filleting  processes  to  the  tr.inxtoim  image  to  eliminate 
unnecessary  information  within  the  image,  and  hence  decrease 
the  bandwidth  Fuithetmoie,  if  a long  code  corresponding  to 
the  line  time  is  used,  any  spot  on  the  image  is  ie.nl  loi  the 
complete  line  time'  rather  than  the  spot  time  Therefore,  a 
considerable  improvement  in  the  signal-to-noise  ratio  of  the 
order  of  the  ratio  of  the  line  time  to  the  spot  time  can  be  ob- 
tained MU.  Hf'l 


(37)  who  support  the  semiconductor  on  randomly  distributed 
small  posts,  using  configurations  of  the  kind  shown  in  lug.  3 
and  described  more  fully  in  another  paper  in  this  issue  (31), 
They  obtain  a uniformity  of  incraction  better  than  I dll  over  a 
3.8  cm  length  of  silicon. 

A severe  problem  with  this  type  of  device  is  the  requirement 
for  an  airgap.  This  involves  very  careful  optical  polishing  with 
severe  mechanical  tolerances,  and  a great  deal  of  attention  at 
all  stages  of  the  assembly  and  mask  making  to  elimination  of 
dust.  There  are  alternative  configurations  which  eliminate  this 
particular  difficulty.  One  employs  a piezoelectric  material, 
usually  ZnO,  laid  down  on  Si  by  sputtering  techniques,  thus 
forming  a monolithic  device  |48)-(53|.  A second  technique 
makes  use  of  a piezoelectric  semiconductor,  such  as  G.iAs,  for 
the  basic  convolution  interaction  (•Ml.  As  the  interaction 
takes  place  below  the  surface  of  the  GaAs  in  a depletion  layer, 
the  uniformity  of  the  interaction  is  excellent.  The  third  tech- 
nique is  to  use  a thin  scmiconductot  film,  such  as  CdSe,  laid 
down  on  l.iNbOj  | J0| . Some  of  these  configurations  will  be 
discussed  further  in  Section  lll-G. 


I).  Semiconductor  Convolve i Theory 

In  older  to  undeistand  the  considerations  entering  into  the 
design  of  these  devices,  it  is  necessary  to  derive  the  theory  in 
somewhat  nice  detail  than  the  simplified  version  given  as 
(3.0)  An  excellent  tieatmeni  for  flat  band  conditions  at  the 
sui face  has  been  given  by  Otto  ( 54 ) , who  lias  obtained  lesults 
which  aie  physically  meaningful.  He  gives  cntetia  with  which 
to  judge  the  accuiacy  of  a less  rigorous  theory  outlined  here, 
which  is  used  to  take  account  of  other  than  flat-band  con- 
ditions 1 Jt>| . 1551. 

We  use  Boltzmann's  approximation  for  the  earner  density: 
n - «0  exp  (qvi'/Vn,  />  •»  (m‘/m0)  exp  ••  (</\!'/a7-),  iii  an  n-type 
semiconductor,  l he  potential  anywheie  within  the  semicon- 
ductoi  is  t5  with  C/  - 0 and  n = zt0,  l\q  ate  the  election  tern- 
peiatuie  and  cltaige,  lespectively,  and  x is  Boltzmann's  con- 
stant We  may,  theiefoie,  wide  Poisson's  equation  in  the 
foim  | Jo) , 155) 


5-1°  | 0<K7aF  . 
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when*  <y  3 - kT  In  («(,/«,)  is  the  F'ernu  potential  in  the  bulk 
senueonductoi  After  integiation  of  (3.7)  we  find  that 


C.  Construction  Techniques  Jor  Semiconductor  Convolvers 
It  is  appaient  that  the  basic  convolver  configuiation  of  l-'ig.  7 
is  very  similar  to  that  of  the  semiconductor  amplifier  already 
described,  for  which  there  ate  several  similai  constructional 
techniques.  As  we  have  already  discussed,  the  senueonductoi 
can  be  supported  on  SiOj  rails  to  keep  it  mechanically  out  of 
contact  with  the  piezoelectric  substiate  m the  legion  ot  the 
acoustic  beam.  But,  better  still,  m outer  to  piovnle  moie  uni- 
form gap  spacing,  the  semiconductor  substiate  on  which  there 
may  be  p-n  junctions  01  Schottky  diodes  can  be  suppoiied  on 
a niimbei  of  thin  tails  paiallci  to  the  piopagation  path,  each 
one  being  of  the  oidci  of  4 pm  wide,  as  illusl rated  m Fig,  10. 
As  tins  dimension  is  much  shotiei  than  the  wavelength,  very 
little  mechanical  mieiaction  with  the  acoustic  waves  is  ob- 
seiu-d  and  the  gjp  spacing  can  be  made  very  unifoim  |'3| 
The  basic  technique  ot  this  kind  has  been  pionected  by  the 
gioup  at  Lincoln  l aboiatoiies  1 14) , 1 15| . 1 31 1 , 1 3J| , H5), 
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wheie  t-s,  <v.t  aie'  the  normal  field  and  potential  just  inside  the 
surface,  icspcxiively 

F'quation  (3  S)  is,  of  course,  the  iclation  that  is  normally 
given  m the  tieatmeni  of  the  mu  face  condition  of  semicon- 
dmtois  to  deteimme  the  eflective'  capacity  of  a depletion, 
accuiiHilation  oi  inversion  layei  | 5 5 ) In  our  cave,  we  vviite 


t /-(i . when-  /\0  is  the  do  value  of  the  surface  field. 


and  is  the  applied  KF  tields.  Then  the  tight-hand  side  of 
(3  ,x)  van  be  expanded  to  second  oidci  iii  KF'  quantities 


s\  - aFjo  i * < . 


We  can  thus  deteimme  both  the  Inst  and  second  oidci  per- 
turbation ill  tire  Kl  potential,  whatever  the  value  of  the  dc 
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Eif.  1 1.  Equivalent  circuit  used  in  the  evaluation  of  linear  coupling  and 
loss  in  the  semiconductor  convolver. 


surface  potential.  This  treatment  is  valid  providing  carriers 
have  time  to  reach  thermal  equilibrium.  Such  a situation  is 
true  in  a depiction  or  accumulation  layer,  as  well  as  at  flat 
band,  but  may  not  necessarily  be  true  in  an  inversion  layer 
where  the  generation  rate  of  carriers  is  very  small. 

The  linear  part  of  the  relation  (the  term  with  the  coefficient 
b)  is  of  course  closely  related  to  the  results  obtained  for  the 
acoustic  surface-wave  amplifier,  as  (3.7),  and  can  be  summa- 
rized in  terms  of  the  equivalent  circuit  for  a unit  area  shown  in 
Fig.  II  (26].  In  this  circuit  the  potential  source  due  to  the 
acoustic  surface  wave  is  <pa  which  can  be  related  to  the  posver 
Pt  in  the  acoustic  wave,  as  follows: 


<tj  t 1 Au(0) 

2 Pt  u (ep+e0)w  v 


(3.10) 


The  gap  coupling  or  capacity  across  the  gap  and  oxide  layer  is 
CpP,  and  the  parameters  of  the  semiconductor  bulk  are  rep- 
resented by  a resistance  Rb  in  series  with  a capacitance  Ch.  In 
addition  there  is  the  depletion  layer  capacity  fdcp  and  the  re- 
sistive and  capacitive  terms  /fjnv  and  Cjnv  denoting  the  shunt- 
ing effect  of  the  inversion  layer,  due  to  its  interaction  with  the 
component  of  RF  field  parallel  to  the  surface.  The  values  of 
some  of  these  quantities  are  ( 26) 


f-dep  * e/f 

= ifeo/3f(0/i) 

Rb  ~ 1/oP  (no  accumulation  at  surface) 

Ad  (no  accumulation  at  surface)  (3.11) 

where  M(Ph)  is  given  by  (2.6).  Note  that  if  is  small  but 
» Co  and  there  is  no  oxide  present  C^p  =«  e0A.  the  ca- 
pacity per  unit  area  we  might  expect.  Similarly  when  the  sur- 
face is  well  depleted  the  capacity  Qepi  is  just  the  expected 
capacity  per  unit  area  of  the  depletion  layer,  while  Cb  is  the 
capacity  across  a Debye  length  Xj  of  the  bulk  material,  as 
might  be  expected.  Simtlaily,  Rb  is  associated  with  the  re- 
sistance of  a layer  X/2ir  thick,  the  penetration  depth  of  the 
acoustic  wave. 

In  the  complete  circuit,  including  nonlinear  effects,  we  can 
regard  Cb  and  Cjep  as  being  nonlinear  capacities  driven  by  two 
sources  d>U| , in  series.  The  two  special  eases  of  most  in- 
terest are:  1)  the  flat-band  case  for  which  \>i0  - Rs0  - 0. 
Cdcp  = «*»,  and  c = -e/6q/V,j  in  (3.9),  2)  the  surface  is  depleted 
R inv  = ocl,  and  c = -e/2qiY(j  as  we  have  alicady  indicated  in 
(3.6).  The  parameters  c aie,  of  course,  pioportional  to  the 
nonlinear  pails  of  the  bulk  capacity  Cb  and  depletion  layer  ca- 
pacity f'jcp,  respectively.  Thus  the  nonlinearity  of  the  device 
lends  to.  be  stronger  when  it  is  depleted  at  the  surface  than  in 
the  flat  band  ease.  If  the  device,  on  (he  other  hand,  is  accu- 
mulated at  the  surface,  the  effective  earner  density  at  the  sur- 
face is  larget  so  Cb  mci eases  and  l\b  decreases  and  the  device 
shows  u correspondingly  weaker  nonlincauty. 


It  can  be  shown  that  the  voltage  Kop  induced  between  the 
silicon  and  the  grounded  electrode  of  Fig.  9,  assuming  that  the 
output  is  open-circuited,  is 

Fop»*M2/’„/>aa)'/1  (3-12) 

where  for  the  flat-band  case: 


^ g \/2  uia  go  1 At> 
3 qN,iv7  e(ep  + e0)AfI  v 


(3.13) 


Equation  (3.13),  which  neglects  diffusion  effects,  indicates 
that  the  normalized  convolver  efficiency  parameter  increases 
as  the  carrier  density  is  decreased.  It  would,  therefore,  ap- 
pear to  be  desirable  to  work  with  a material  with  as  low  a car- 
rier density  and  lienee  conductivity  as  possible.  However,  as 
the  material  conductivity  is  decreased,  the  transverse  field  in- 
teraction with  the  semiconductor  begins  to  change  the  attenu- 
ation of  the  input  signals,  and  the  output  drops  due  to  this 
cause;  so  there  is  an  optimum  resistivity  for  maximum  effi- 
ciency. This  attenuation  effect  does  not  affect  the  output 
waveform  shape,  only  its  amplitude,  because  the  total  attenu- 
ation of  the  two  oppositely  directed  input  signals  to  any  point 
i within  the  device  is  constant,  and  hence  their  product  is  con- 
stant, whatever  the  value  of  i.  The  attenuation  per  unit  length 
a,  due  to  the  acoustic  surface-wave  interaction  with  a semi- 
infinite  semiconductor  can  be  determined  from  an  expression 
similar  to  that  of  (2.7)  or  by  evaluating  the  power  loss  from 
the  equivalent  circuit.  When  this  is  done  it  can  be  shown  that, 
in  terms  of  ar, 


uve0 


<*, 


(3.14) 


where  ju  is  the  carrier  mobility. 

If  we  now  include  the  propagation  loss  in  a length  in  the 
expression  for  Kop  will  be  seen  that  Kop  “ ar  exp  (-a ,1.)  so  it 
follows  that  the  output  is  maximum  where  a rl.  = 1 or  the  at- 
tenuation is'  8.6  dB  as  shown  by  Otto  |54).  This  result  is 
valid  whatever  the  value  of  the  parameter  M,  which  increases 
rapidly  witli  the  airgap  thickness  h.  If  there  is  a depletion 
layer  present  in  series  with  the  gap  this  increases  the  effective 
value  of  3/  still  further,  so  the  optimum  value  of  resistivity 
required  by  the  theoretical  predictions  tends  to  increase  with 
gap  thickness 

Some  results  of  this  type  of  theory  which  have  been  ob- 
tained by  Gautier  |26)  are  given  in  Figs.  12  and  13.  Similar 
plots  for  different  types  of  convolver  configurations,  which 
give  good  agreement  with  the  experimental  results,  have  also 
been  made  by  Cafarella  (31),  Otto  (54),.  and  Khuri-Yakub 
150)  It  will  be  seen  from  Fig.  12,  plotted  for  flat  band, 
that  with  LiNbOj  the  optimum  value  of  til  is  appioximately 
6 X 10'3  at  100  MHz,  with  conductivities  in  the  range  of  I- 
10  mho/m.  However,  as  will  be  seen  from  Fig,  13  the  tR  value 
increases  as  the  surface  is  depleted  although  not  by  as  much  as 
the  full  f.ictoi  of  3 to  be  expected  from  the  nonlinear  theory, 
because  of  the  increase  m the  effective  gap  width.  A compari- 
son of  experimental  and  theoretical  results  for  two  types  of 
convolvers  is  given  in  Table  H where  the  convolver  efficiency 
/•’  is  also  caKulated  taking  account  of  the  measured  losses  in 
the  input  and  output  circuits.  It  will  be  seen  that  the  agree- 
ment between  experiment  and  theory  in  these  examples  is 
excellent.  When  an  mvcision  layer  is  present,  it  does  not  di- 
rectly influence  the  second  order  nontmcai  coupling  coeffi- 
cient; but,  as  can  be  seen  from  the  equivalent  circuit,  its  short- 
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Fig.  I],  Propagation  loss  and  t -values  versus  conductivity  for  n-type 
silicon  will)  various  airgaps. 


Fig.  13.  The  variation  of  the  V -values  for  depicted  or  accumulated 
semiconductor  surfaces. 


TABLE  II 

^-VaUIFS  TlltOHV  ANP  Exmtl.MtNT 


Semiconductor  n-type  Silicon;  untreated;  2 cm  longln  = 0.1  mJ/V-s 
Piezoelectric-:  YZ  LiNbOj  ;«•*-•  l.25mm;/i*  1 500  A;/=*  108MIU 

(1 1 1).  (ITT)  Bi,}GcOJ0;w  = 1.2S  mm;  ft  = 3000  A;/  = 52  MHz 


Piezoelectric 

LlNbOj 

Bi|]GcO]o 

Si  Resistivity  (fl  cm) 

7 

7 

9 

7 

Two-Porl  Insertion  Loss* 

14 

22 

20 

18 

Convolution  Efficiency  F (dll)*' 

-56 

-58 

-66 

-80.5 

Output  Cireuii  Efficiency' 

0.4 

0.7 

0.2 

0.18 

It  at  Hat  Hand  (thcorv) 

4.0  X JO'3 

4.0  X 10'3 

5.5  X 10“3 

1.0 X I0‘3 

* Depletion/ 1 Flat  Band'1 

1.50 

1.50 

1.40 

2.10 

H Depletion  (Cheery) 

6.0  X 10’ 3 

6.0  X 10"3 

7.7  X 10‘3 

2.1  X 10-3 

XFxpcnment)  (V  ■ m/W) 

5.6  X I0’3 

6.3  X 10’3 

7.0  X 10‘3 

1.7  X 10~3 

•lists  includes  transducer  and  propagation  losses. 

"Ratio  in  dll  of  output  tetminal  power  (in  50  Ft)  to  product  of  input  terminal 
powets.  All  powers  in  m\V 

'Ratio  of  voltage  actually  developed  across  a 50-SI  load  to  l’„p. 

“From  Ftp.  3.8  and  similar  one  for  HGO  with  3000  A (not  given)  (q<^sot\T=  -20). 


iti£  effect  on  the  transverse  fields  decreases  the  RF  potential 
seen  by  the  free  carriers.  These  effects  have  been  taken  into 
account  by  Gautier  1 26 1 . 

When  his  results  are  compared  with  experiments  there  is 
sonic  discrepancy  in  the  inversion  layer  region,  and  between 
the  estimated  flat-band  potential  and  measured  flat-band 
potential.  This  is  due  to  the  presence  of  surface  states  at  the 
silicon  dioxide  mtetfaec,  the  well-known  effect  which  occurs 
in  semiconductor  devices  (55).  With  careful  control  of  (he 
technology,  the  miiI.icc  state  density  can  be  kept  below  JO10 
stJte.s/cm: , m which  case  surface  stales  have  a vety  small 
effect.  Mote  ty pi,  ally,  with  less  careful  control,  the  surface 
state  density  is  ol  the  oidei  of  10"  states/em1.  Thus,  by 
measuring  the  discrepancy  between  the  measured  curves  and 
the  theoretical  eutses,  one  can  measure  the  number  of  charged 
surface  states  by  the  diflerenee  ut  voltage  between  the  theoret- 
ical and  experimental  curves  (55|-(57|  This  has  Wen  done 
and  some  of  the  results  obtained  by  Gautier  (26 1 arc  shown 


Fig.  I -t.  Surface  stale  density  of  Si-SiO,  structure  obtained  by  experi- 
menters. (a)  Haulier  |J6|.  (b)  Nicollian  and  Coetiberger  |S6). 

(c)  tH.it  oral.  |S7|. 

in  Fig.  14.  It  will  be  seen  that  the  results  arc  comparable  to 
although  cruder  than  those  obtained  by  other  techniques. 

The  convolvers  could  be  more  carefully  designed  for  mca- 
suiements  of  the  smlace  state  density  or  free  carrier  properties 
rather  than  for  other  purposes.  It  has  been  shown  by  Das  <7  ol. 
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(58)  and  Hers  (59)  that  associated  techniques  like  the  mea- 
surement of  acoustic  loss,  the  measurement  of  the  tie  term 
associated  with  the  nonlh’early  induced  iroteutiai,  and  the 
acoustoeleetrlc  effect  (601 . can  also  provide  entirely  new  ways 
for  measuring  semiconductor  parameters  (58|.  in  addrtion.it 
has  been  observed  from  the  results  on  surface  state  storage  de- 
vices that  the  decay  times  of  surface  state  traps  can  be  mea- 
sured directly  by  such  techniques  (331. 

One  of  the  basic  problems  with  airgnp  devices  is  that  the 
oxide  layer  is  not  covered  by  a material  impervious  to  im- 
purities. In  addition,  because  there  can  be  charges  induced 
on  the  oxide  surface  and  on  the  piezoelectric  substrate  by 
friction  or  other  causes  during  assembly,  the  interaction  can, 
in  fact,  be  nonuml'orm  over  the  length  of  the  device.  A sim- 
ple technique  which  has  virtually  eliminated  this  kind  of  prob 
lem  is,  not  to  oxidire  the  surface  in  the  normal  way  1 151.  If 
the  surface  is  left  with  a layer  of  oxide  30-50  A thick,  such 
as  notmally  grows  on  a dean  Si  surface  in  ail,  a very  huge 
number  of  sot  face  slates  is  produced,  In  this  case,  which  is 
different  from  that  with  a thick  oxide,  the  Si  underneath  the 
thin  oxide  is  normally  depleted  while  the  thick  oxide  on  an  n 
type  semiconductor  normally  induces  accumulation  at  the 
sutfnee,  Because  those  Is  a large  number  of  surface  states 
present  in  this  case,  it  is  cxticmely  difficult  to  change  the  in- 
ternal conditions  at  the  semiconductor  by  application  of  an 
external  dc  field  l-'or  the  same  teason,  sutface  chatg.es  on  the 
oxide  or  on  the  pic/ocivctitc  substrate,  as  well  as  charges 
trapped  within  the  picroelectnc  substrate,  have  very  little 
influence  on  the  convolver  behavior  and,  theielore,  it  is  much 
easier  to  make  a unifoim  convolver,  l-'iiithcrmote,  as  the  sin- 
face  is  notmally  depleted,  this  is  the  collect  opei.itmg  condi- 
tion foi  op’iinum  convolvei  efficiency.  So  the  uirgap  con- 
volver with  a thin  layer  of  oxide  on  the  xuilace  is  (lie  best  to 
use  for  tiotmal  convolver  operation,  liie  sm face  traps  them- 
selves, as  they  have  ,i  slow  lesponsc,  do  not  influence  the  Kb 
behavior  and  so  the  convolvei  opeiates  lit  a piedictable  man- 
net,  as  shown  in  I able  II. 

Oil  the  otliei  hand,  if  good  optical  sensitivity  is  requued,  i.e  . 
we  requite  the  earner  density  within  the  depletion  lax et  to  be 
iiifluenct d by  the  p'esence  of  light,  then  the  presence  ot  a 
vety  huge  number  ol  sutface  states  of  this  kind  appear  to  give 
pool  optical  sensitivity  this  is  basically  because  ol  the  tapnl 
tecoiubmalioii  of  genet, ited  carnets  that  ocun  It  is.  tlieie 
foie,  inipoitanl  to  eliminate  sutface  ellects  as  uiiivli  as  poxsi 
ble  in  optical  devices  In  a simil.u  way,  stoiage  devices  based 
on  stoiage  in  smface  states  have  pioblenis  with  iioniiiiifoiimty 
of  sutface  stales  and  arc  not  easy  to  contiol  Urns  it  has  he 
come  impoilant  to  devise  other  techniques,  equivalent  to  the 
use  of  a biined  channel  in  the  (.'i'll,  lor  constituting  lOitvol 
vets  which  eliminate  the  mteiav lions  at  the  sutl.ice.  We  vvdl 
discuss  these  lutlhei,  when  we  discuss  optical  imaging  and 
stoiage  devices 

/•  Opiit III  Im, tgwg  nrf/i  {'omv/icrt 

1‘lie  convolvei  contigiiialion  can -be  used  (v<  detect  and  scan 
optical  images  It  lias  alieady  been  pointed  out  that  it  is  pos- 
sible to  m i he  use  of  the  nonlinear  i.ipacilne  olivets  due  to  Kb 
electm  In-Ids  noinul  to  the  suit.nc  to  obtain  an  ele»  tinal  out 
put  signal  wliivli  is  a line  s-.m  ol  the  image  1-131  l-l-l),  (-tt>| 
It  is  also  possible  to  make  use  ol  the  pie/on sisioe  elicit  as- 
sociated with  the  change  m loss  caused  bv  the  change  in  resis- 
tance due  to  the  acoustic  stiaiu  in  the  senile ondin toi  il'c-ll 
I he  lattei  type  ot  c-fled  has  t*eeti  employed  \ciy  successtullv 


by  l.uukkala,  lie  employs  CdSc  deposited  on  l.iNhOj  to  ob- 
tain single  line  scans  ami,  hence,  constiucts  an  image  by  me- 
clianicaliy  scanning  in  the  petpemltcular  direction  |4SJ . Korn* 
telclt  lias  also  used  this  effect  to  make  b'outicr  transform 
devices  (471 , 

It  Is  the  author's  opinion  that,  with  the  advent  of  the  CCD 
technology,  it  is  unlikely  that  direct  optical  imaging  devices 
based  on  Die  use  of  acoustic  waves  arc  liable  to  be  competitive 
with  solid  state  TV  imaging  devices.  This  statement  Is  not 
based  on  the  theoretical  definition  or  sensitivity  of  acoustic 
imaging  devices.  With  sufficient  development,  it  is  possible 
that  tltc  results  obtained  could  be  comparable  to  the  best 
CCD's.  The  devices  arc  parallel  processing  devices,  and  do  nol 
read  out  Die  signal  serially  through  the  registers  as  In  a CCD. 
Thetefore,  the  readout  can  be  nondestructive  and  the  devices 
ate  not  as  sensitive  to  a missing  element  as  a CCD.  However, 
a considetahlc  investment  in  technology  would  he  requited  to 
make  competitive  optical  imagets,  and  it  is  unlikely  that  a 
device  with  a considerably  hettei  perfoi malice  than  the  highly 
developed  CCD  devices  would  he  obtained  in  the  long  run. 
On  the  other  hand,  the  acoustic  imaging  devices  have  unique 
capabilities  ol  their  own.  These  ate  difficult  to  duplicate  in 
other  devices  and  make  them  useful  In  ceitain  specialized 
applications.  Some  examples  aie  as  follows. 

1 ) The  possibility  of  obtaining  vety  fast  scan  tales. 

2)  The  possibility  of  ducctly  obtaining  one  and  two  dimen- 
sional spatial  trausfonuN  of  optical  images 

3)  The  possibility  of  winking  with  a wide  tango  ol  optii.il 
deteelois  in  both  liybinl  and  monolithic  couliguiations 
which  would  lead  to  new  types  of  inflated  sensitive 
devices 

4)  The  possibility  of  obtaining  elect  tonic  focusing  of  optical 
images  without  Die  use  ol  physical  lenses 

5)  The  possibility  of  reconstruction  of  optical  liologtams  in 
teal  tune 


We  will  eoncentiate  lioio  on  the  application  of  the  convolver 
configuialton  in  which  Die  out  put  is  taken  tioin  the  system  at 
the  sum  ftcqucncy  of  the  input  signals,  although  we  shall  also 
coti.ndci  veitain  configoialions  m which  the  output  is  taken 
fiom  the  system  at  the  input  frequency,  i.e.,  it  ix  as  if  one  of 
the  input  signals  is  of  zeto  fieqticncy.  We  shall  not  deal  hi 
detail  with  all  the  othei  alternative  vonfig.iiations  winch  have 
been  used  lot  optical  scanning,  instead  we  shall  emphasize 
tiaiisfonu  lei  Innqiies,  a unique  application  ol  these  devices 
We  vonxidci  the  conliguiatioii  shown  in  Tigs  15  and  l(>(a), 
which  is  illustiatcd  as  an  augap  device  hollow  mg  the  analysis 
loi  the  convolvei,  ii  can  be  shown  Dial,  it  the  i.’imct  density 
sanation  due  to  the  ptesenee  ol  light  is  «(.*),  and  the  two  input 
signals  are  ol  liequencies  co(  and  cOj , respectively,  the  output 
trout  the  device-  vvill  he  ol  Die  lonu 


UU)  * .4  esp  | /ten,  t cOj 
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wliere  the  m odiil.it ions  ol  the  two  input  signals  ate  MM  and 
<*(M.  respectively,  and  all  spatial  quantities  an  iviened  to  the 
centei  ol  the  devic e ; - 0.  with  appropriate  tune  i hauges  Sup 
pose  one  input  signal,  t lie  intuiting  ;*«/u  , is  a dilt.i  liindum. 
i e . / tM  MM  and  the  otliei.  the  rom/nig  pn/w  . is  a long  t W 
pulse  In  addition,  it  we  a-sinno  that  the  system  is  degenerate 
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I in.  1 5.  A schematic  of  a convolver  configuration  for  acoustic  scanning 
of  optical  Images. 
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lig.  It>.  Diflcrcul  operating  modes  of  opto  at  imaging  ilesoes  (a)  A 
simple  pulse  scan  |2o|  (l>)  A itevne  using  llio  acoustoelectnc  ef 

feet  |'t.T|.  (c)  A device  in  which  the  readout  is  from  a reflected 

pulse  | *1 S | (d)  I he  leshmi|iie  employed  l>>  Mollr.  itl.  |42|. 

so  thai  U|  3 Wj  3 co,  vve  see  that  the  output  would  he  of  the 
form  //(f)  3 .'ln(pf)  exp  2 not.  Thus  we  obtain  a scan  of  one 
line  of  the  image  scanned  at  the  acoustic  velocity  i».  If  a spot 
definition  i/t  is  letpiired.  the  tunc  taken  to  scan  a spot  will  be 
fj  ° t/j/t’i  so  the  bandwidth  letpiired  to  obtain  this  spot  defini- 
tion will  be  of  the  ordei  II  ~ l//4.  If  T - /,/t>  is  the  tiansit  time 
of  an  acoustic  wave  over  the  length  of  the  device,  the  mimbci 
of  resolvable  spots  will  be  A'  = T/ts,  or 

A /*«7\  (3.16) 

I bus  the  number  of  icsolvable  spots  is  etpial  to  the  tune- 
bandwidth  piodikt  ot  the  devise.  As  the  delay  time  msolsed 
is  Is  pis  ally  ol  the  ordei  of  one-tenth  of  a t>  pis  al  I V hue  time, 
the  soiit  vpondmg  bandwidth  lor  the  same  number  of  icsolv- 
ahle  spots  will  be  of  the  oislei  ot  a factor  of  10  larger,  while 
the  scan  lime  will  be  10  times  less  than  foi  a typical  I V line 
scan 

Scvcul  altcm.it isc  lonfigui.itions  which  sail  be  used  foi 
opltsal  imaging  by  -is  shins  is  suitasc  waves  .lie  shown  m l ig.  lb 
I he  ailangcmcnt  alicady  slcssiibcd  is  slisswn  in  ITg  16(a)  111 
l ip,.  16(b),  a tcslinupic  employed  by  lakada  ci  al  l-lt],  is 
shown,  m w Ills h an  output  is  sibtamed  at  baseband  due  to  the 


second  order  dc  term  generated  by  an  KF  scan  pulse  (the  trans- 
verse neousloclectric  effect  |60|).  This  technique  has  the 
advantage  of  a baseband  output,  but  suffers  from  the  problem 
of  poor  bandwidth  because  the  ouput  is  taken  out  through  a 
relatively  small  capacitor,  the  capacitance  between  the  metal 
film  and  the  silicon.  However,  with  improvements  in  the  tech- 
nology, like  the  use  of  ZnO  on  Si,  it  may  prove  to  be  the  sim- 
plest appioach  to  scanning. 

A third  approach  is  shown  in  Fig.  16(e).  This  has  the  ad- 
vantages that  a high  intensity  reading  pulse  can  he  used;  the 
scaii  rate  is  half  that  of  the  other  configurations,  because  the 
scanning  pulse  travels  to  the  point  i and  back  to  the  input 
transducer.  A problem  with  it  is  that  attenuation  along  the 
scan  path  distorts  the  output  signal,  as  it  does  in  the  method 
of  Fig.  18(h).  This  technique  has  been  used  by  Luukkalu  ct  al. 
in  combination  with  illumination  through  a periodic  grating 
with  a X/2  spacing  to  give  strong  reflections,  as  described  be- 
low. In  (heir  case  no  reading  pulse  is  required  145) . 

The  fourth  method  shown  m Fig.  16(d),  historically  the 
first,  is  due  to  Moll  do/.  |42|.  In  this  case  the  attenuation  of 
the  reading  pulse  by  the  semiconductor  is  changed  by  the  scan- 
ning pulse,  due  to  the  fact  that  a high  intensity  scanning  pulse 
tends  to  deplete  the  semiconductor  surface  and  hence  lower 
the  attenuation.  Ily  implementing  this  method  in  such  a way 
as  to  measure  the  effect  of  the  light  on  the  stoiuge  time  of 
carriers  in  surface  state  traps,  a relatively  sensitive  optical  scan- 
ning device  was  constructed  |42] . 

One  problem  with  these  devices  is  tneir  limited  dynamic 
range.  As  an  example,  with  the  configuration  of  Fig.  16(a) 
there  is  an  output  fiom  the  convolver  with  no  light  present. 
When  a depleted  device  is  illuminated,  the  conditions  approach 
flat,  band,  and  so  there  is  a few  decibel  change  in  output 
Typically  this  implies  too  small  a dynamic  range  to  be  use- 
ful. Thus  some  stratagem  is  required  to  eliminate  the  “dark 
current”. 

One  technique  which  has  been  used  successfully  in  various 
forms,  is  to  pass  the  light  teaching  the  semiconductor  through 
a relatively  voaiae  optical  giatmg  of  pound  / 1 26) , 145) , |46| 

I his  uitioduces  a periodicity  into  the  semiconductor  earlier 
density  with  a wavenumber  Ay  3 2rr//.  In  this  ease,  the  out- 
put at  the  sum  frequency  will  be  of  the  form 


//(/)  3 A exp  | /( W|  + coj)/) 


J'f  »H 


cos  A i s it:. 


It  will  be  seen  that  a at  long  output  is  obtained  if  the  differ 
ence  frequency  of  the  two  input  signals  is  such  that  (to,  - io} )/ 
v 53  A y . In  this  ease  the  pioduet  of  the  periodic  light  vauution 
and  the  two  signals  wotilu  generate  a wave  at  the  sum  fre- 
quency coy  - vo,  t iO} . The  device  acts  to  pick  out  the  stioug 
Tinnier  component  of  the  light  icavhmg  it  tlnougli  the  giatmg 
On  the  othci  hand,  the  daik  signal,  ic  , the  convolve!  output 
without  light  piesent,  does  not  contain  the  peuodic  compo 
nent  with  a wave  mimbci  Ay  and,  theietoie,  only  gives  vet y 
weak  excitation  of  the  output  With  sultniciit  ficqucmy  sep- 
al at  toil  oi  moic  exactly  wave  mini  be  i sepaiation  ot  the  input 
signals,  this  implies  that  the  dynamic  langc  of  the  device  is 
limited  basu  ally  at  the  lowei  level  by  noise  and  at  the  upper 
level  by  satuiatiou 

I he  basil  lomcpts  ot  tins  idea  have  been  checked  by  Haulier 
| 26)  who  has  ohiamid  usults  m good  agiccmcnt  with  the 
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theoretical  predictions.  The  idea  has  also  been  used  by  Luuk- 
kala  et  al.  (45)  in  a CdSc  on  LiNbO)  piczorcsistive  device 
with  only  one  input  scanning  signal  at  a frequency  w,  and  a 
grating  with  a A/2  periodicity.  The  illumination  gives  rise  to 
a reflected  wave  al  the  input  frequency  u>,  and  yields  a good 
dynamic  range. 

It  is  apparent  that  devices  of  this  kind  are  capable  of  re- 
sponding to  a particular  Fourier  component  of  the  optical 
signal.  Thus  if  one  of  the  input  frequencies  is  varied  slowly, 
the  output  obtained  from  the  convolver  might  be  expected  to 
correspond  to  the  spatial  Fourier  component  of  the  light  with 
a wavenumber  Kj  s (oi|  - a)j)/u. 

This  technique  has  been  employed  directly  by  Kornrcich 
et  al.  (47) . They  used  only  one  input  signal  and  employed  a 
CdS  film  laid  down  on.  fused  quart?.,  ns  illustrated  in  Fig.  17. 
In  their  experiment,  an  acoustic  surface  wave  is  induced  in  the 
substrate  by  the  use  of  a wedge  transducer.  The  strain  associ- 
ated with  the  acoustic  surface  waves,  as  with  the  l.uukkala 
device  (45),  alters  the  effective  band  gap  of  the  CMS  and, 
hence,  changes  the  photoconductivity  due  loan  incident-light 
beam.  If  the  acoustic  input  signal  is  at  a frequency  w and 
hence  has  a wavenumber  k = w/u,  the  resistance  across  the 
acoustic  beam  path  will  change  uni  irmly  if  the  light  has  a 
spatial  Fourier  component  k.  By  varying  the  frequency  of  the 
acoustic  wave  signal  slowly it  is,  theiefore,  possible  to  obtain 
an  output  current  which  is  a Fourier  transform  of  the  spatial 
pattern  of  the  light. 

One  application  of  this  principle,  which  has  been  demon- 
strated by  Koimeich  et  al.  (47) , is  to  the  determination  of  the 
optimum  focus  of  an  image.  They  make  use  of  the  fact  that, 
wen  an  image  is  well  focused,  the  edges  between  light  and 
dark  legions  ate  sharp  and  so  there  are  high  spatial  frequencies 
present  in  the  image.  When  the  image  is  defocused,  the  higher 
spatial  fiequencies  in  the  image  are  attenuated,  lhcrcfoie,  by 
observing  the  Fourier  transform  of  the  image  and  requiting  the 
high-frequency  components  to  be  as  strong  as  possible,  they 
can  determine  accuialcly  the  point  where  the  best  focus  of 
the  image  on  the  photoconductor  sensor  is  obtained. 

Returning  now  to  the  convolver  configuration  ol  Fig.  15, 
we  consider  the  situation  when  the  two  input  signals  which 
aie  linear  FM  chirps  with  fiequencies  vaiynig  with  time 
as  = wt  + gif  and  coj,  = cOj  - pr,  respectively,  are  inserted 
into  the  device.  If  a grating  with  a period  loriespomling  to  a 
wavenumber  (u>(  - wj)/i>  is  placed  in  fionl  ol  the  semicon- 
ductor, the  output  obtained  will  be  of  the  form 


(7(f)  = A exp  |/(w,  + Wj)r) 


ri(:)  exp 


</:. 


(3.18) 

Thus  the  output  is  the  spatial  Fouiter  tiansfoiin  of  the  light 
intensity  within  (lie  device  The  device  is,  theretore,  capable 
of  taking  a diiect  le.d-tnnc  Founci  lianstoim  of  one  line  of 
an  image. 


It  will  be  noted  that  now  fiequencv  lonesponds  to  position, 
for  if  we  consider  a spot  which  van  be  lepiescntcd  as  nfr)  - 
A(:u),  the  output  obtained  vanes  as  oxp/(u>,  + c,>.  - iit:0/v)t, 
a change  lit  position  changes  the  output  ticquency  I Ills  re- 
sult is  undeistandable  because  with  a normal  type  ol  sv.ui, 
time  is  equivalent  to  position  and  so  in  the  Fouiiei  tiunsfoim 
plane  fiequency  is  equivalent  to  position  Simil.nl> . the  dcli- 
nilioii  nonnally  depends  on  the  highest  liequeiicy  component 


IIr.  17.  The  Fourier  transform  Imaging  device  of  Kornrcich  et  al.  |47 1. 


available;  in  a Fourier  transform  device  it  depends  on  keeping 
the  components  with  the  largest  value  of  /if  or  frequency  ex- 
cursion available  so  as  to  be  able  to  recognize  the  higher  older 
Fourier  spatial  components  of  ?i(z). 

It  will  be  noted  that  a single  spot  in  the  image  is  now  read 
out  during  the  whole  length  of  tunc  the  chirp  signals  are  pass- 
ing through  the  device,  rather  than  for  the  spot  time.  Further- 
more. the  chirp  length  can  be  arbitrarily  long,  fai  longer  than 
the  time  delay  of  an  acoustic  surface  wave  passing  through  the 
device.  The  maximum  frequency  bandwidth  of  the  output 
from  any  point  |;0I  < /-/ 2 within  the  device  is  II  = 2p//u  = 
2/(7',  where  T is  the  time  delay  of  an  mouso.  wave  passing 
through  the  length  of  the  device.  The  total  bandwidth  of  the 
two  input  chirps  is  llc  ~ 2/i  7',  where  is  the  time  length  of 
an  input  chirp,  where  the  maximum  bandwidth  /),.  is  twice 
that  of  an  individual  input  transducer.  It  is  shown  in  (2(>)  ami 
[46 1 that,  if  the  inverse  transform  of  the  image  is  taken  either 
in  a spectrum  analyzer,  or  in  a real  time  chirp  transform  sy  s- 
tem,  the  minimum  spot  sire  obtainable  is  approximately  </s  - 
i '///,-  It  follows  that  the  number  of  resolvable  spots  m the 
image  is  A'  ■ /./i/s  = />,.  T.  ie.,  the  time-bandwidth  of  the  de- 
vice, and  the  resolution  depends  only  on  the  total  bandwidth 
«... 

llowevei,  any  spot  in  the  image  is  now  being  read  for  the 
chirp  time  7‘, . Therefoie,  the  improvement  in  signal  lo  noise 
talio  compared  lo  that  of  the  reading  the  image  with  a nar- 
row pulse  with  a coiiesponding  bandwidth  //,.  is 

G“A'~=A'~.  (3,19) 

T I! 

We  can,  of  course,  also  regard  this  improvement  in  signal-to- 
noise  ratio  as  being  due  to  a leduction  m the  bandwidth  ie- 
quiiod  for  the  far  longer  scanning  time  used  llms,  lit  tins 
system,  we  have  employed  signal  piocessmg  concepts  to  ob- 
tain a belter  signal-to-noisc  latio,  basically  by  taking  a rela- 
tively long  time  to  scan  the  image,  and  by  using  a moie  elli- 
cienl  scanning  system  which  reads  off  any  point  in  the  image 
foi  the  whole  line  time 

I his  svaiimng  concept  can  be  generalized  to  the  use  ol  an 
aibili ,iiv  code.  When  a coded  signal  is  icad  into  the'  elevic  e, 
the  output  obtained  liom  one  spot  will  be  that  code  II  the 
output  signal  is  inseited  into  a maivlicd  Idler,  a con  elation 
peak  conespoiidmg  to  the  spot  will  be  oblamed  Another 
spot  in  the  image  will  coirespond  lo  a delayed  coiictation 
peak,  bill  now  the  output  will  be  improved  in  signal-to  noise 
ratio  because  ol  the  longei  scan  time  used. 
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Hi!.  IS  (.1)  Irvo  vlunoiicloiul  piclmo  taken  with  (Ilf  I teviel  transform 
imaging  system.  I lie  chirp  exemrmns  arc  a. 8 ami  7.6  Mil.’  for  25  gs 
l lie  minimum  resolvable  spill  is  tls  - 0 25  nun  (50  points).  (Ii),  (c), 
(cl)  l ffmi  of  bandwidth  luiutations  of  flic  UanvI'nini  signal  on  file  re 
eonslilnlej  imago  (b)  No  limitation,  (e)  suppiession  of  the  lower 
frei|ueneu's,  (il)  suppression  ol  the  higher  lie  I'lt'iis U'S  1 26| 


As  .in  additional  example,  we  can  considei  the  use  of  two 
cltiips  of  unequal  chirp  rales  t.)(l  •-  to,  r ;i,  1 ami  u'/,  - io2  - 
Hi t In  this  case,  it  tan  he  shown  that  a Itcsncl  Iransfot  111  of 
the  image  is  obtained  If  the  input  frequencies  xaty  slowly, 
the  output  signal  icduces  essentially  to  the  homier  tiansfotm 
of  the  image  In  the  gencial  ease,  the  output  signal  can  he  m- 
seited  into  a matehed  filter  consist  mg  of  a dispoisive  delay  line 
eonespondinp.  to  a eltiip  late  (Pi  - p.  If  to  tcgcuciatc  the  oiig- 
Inal  image 

An  example  of  such  signal  processing  is  shown  in  big.  18. 

I lets-  a simple  image  is  scanned  mechanically  m one  tin  eel  ion 
and  electronically  m the  othci  A bresnel  transtorm  ts  taken 
and  the  tnvetse  1'iesnel  tiansfotm  taken  hy  insetting  the  out- 
put signal  into  a matched  filter  |2(>1  It  will  be  seen  that,  if 
ceitain  fieiptennes  ate  filleted  out  of  the  response,  the  defi- 
nition temams  essentially  unchanged,  but  diffeient  pat  ts  of  the 
ptetuie  ate  removed  Tins  is  because  frequency  now  cone- 
sponds  to  distamc  in  tins  quasi  bouiier  tiansfoun  image 

One  implication  of  these  results  m that  the  use  of  (tansfotm 
techniques  makes  it  possible  to  iciiiove  inessential  matciial 
fiom  the  ptetuie  without  deteiioiatmg  its  quality  m any  essen- 
tial way  As  an  example,  the  low  frequency  spatial  cosnpo 
iieiits  can  be  filleted  out  by  time  gating  the  bonnet  tiansfotm 
image  thus  tending  to  eliminate  baekgtound  illumination  in  an 
inflated  derive  01  "xl.it k ament''  in  an  optical  imaging  device 

II  should  also  be  possible  to  make  two-dimensional  scanned 
derives,  eitliei  with  acoustic  waveguides  to  define  the  lines 
IM|.  01  by  using  two  oithogonal  .Koustiv  beams  Vlien  one 
could  obtain  a vliievt  raster  scan  of  the  two-dimensional  tuns 
foim  ol  an  optical  image.  By  use  of  the  storage  devices  to  be 
discussed  m the  next  section,  which  it  should  also  be  possible 
to  make  tit  a twodimeiisioii.il  foim,  it  should  he  possible  to 
u-ionsiiuvt  those  two  dimensional  images  Aibituiy  tians- 
loims  should  be  obtainable  in  two-dimensional  devices  so  that 
many  ol  the  poweitul  techniques  of  spatial  lilteimg  wliivli 
hare  been  sugiv't.d  i.u  use  with  optical  images  should  he 
applivatile  m leal  uric  m device"-  of  this  kind  So  f.u.  no  ev 
peunients  have  been  c.nued  out  u>  puno  these  piuieiples 

the  theoty  that  lias  been  t.iren  leads  to  the  conclusion  that 
m a derive  of  the  01  dvr  of  ? cm  long,  with  a total  transducer 
bandwidth  of  100  Mil/,  il  would  be  possible  to  obtain  600  to- 
solvable  spots  By  mvicjxtng  the  banc* width  of  the  individual 
tiansduu'is  01  the  length  ol  the  device,  a much  l.ugei  riumbei 
of  resolvable  spots  would  be  obtainable  llowcrei,  m this  ease 
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hp.  1^  (a)  A coiwolm  in  wlm.li  p*  layer*  arc  diffused  into  ail  n type 
substrate.  I lie  nonlinear  interaction  occurs  in  tlic  junction  depletion 
regions  ( 34  | , (62 1 (l»)  A convolver  with  Schottky  harriers  laid  down 
on  .a  seimcomlmlw  suhstiate. 


we  aie  assuming  that  the  definition  within  the  device  is  of  the 
order  of  30  pm,  Normally,  as  in  other  semiconductor  photo- 
deleclois,  transverse  diffusion  of  the  carriers  would  limit  the 
definition,  and  the  modulation  transfer  factoi  MTb  would 
tend  to  fall  off  as  the  spatial  petiod  decreases.  Thus,  some 
means  must  he  found  to  inhibit  the  carrier  diffusion  parallel 
to  the  semiconductor  surface. 

'these  conclusions  ate  well  born  out  by  experiments  carried 
out  at  Hatband  on  these  kinds  of  devices,  where  simple  theories 
lead  to  results  m good  agreement  with  expeiiments  |2(>).  On 
the  other  hand,  when  the  device  is  run  with  the  surface  de- 
pleted, if  it  is  n type,  the  holes  generated  in  the  depletion  layer 
hy  the  picsenee  of  light  airive  at  the  surface  and  fill  surface 
states.  In  this  ease,  the  stoiage  time  corresponds  to  the  stoi age 
time  m sui face  states.  This  is  typically  much  longer  than  the 
coiiespottdmg  iceonibination  lime  lit  the  bulk  in  a device 
opeiated  at  flalband.  1 bus  if  the  iceonibination  time  is  r,  and 
the  generation  rate  of  eai tiers  due  t.<  incident  light  in  the  de- 
pletion layer  of  an  n-type  semteotu  uctoi  is  s per  unit  area, 
the  iiumbci  of  holes  per  unit  atea  generated  hy  incident  light 
will  be  g t . I lie  holes  that  are  geneiated  will  cause  the  surface 
potential  to  become  moic  positive  and,  lienee  the  depletion 
layer  will  become  thinner  It  is  app.ucnt  then,  that  the  longer 
the  leeombmation  tune,  the  better  the  optical  sensitivity  of 
the  device  A recombination  tune  comparable  to  the  ftamc 
time  is,  therefore,  desnable. 

('■autici  lias  operated  a device  in  such  a depletion  mode  and 
obtained  sens.tiutics  of  3 ji\V/einJ  or  3 footeandles  The 
lorvei  limit  is  because  of  the  limited  dynamic  range' due  to  the 
use  of  a coarse  grating  ( 10-Mll/.  frequency  difference)  latlici 
than  by  noise  't  his  is  two  orders  of  magnitude  better  than 
lor  a device  opeiated  at  Hatband  However,  the  operation  of 
a device  m this  mode  is  not  piaetieal  because  the  image  of  the 
giating  is  incident  on  the  semiconductor  for  long  periods  of 
tunc  in  this  ease  slow  suifaee  states  are  gradually  filled  up 
with  cauiets  so  that  the  device  has  a tong  term  memory  which 
is  difficult  to  ci axe  the  characteristics  of  this  device,  tlicic- 
foie,  drift  with  tune  and  its  dynamic  range  decreases  with 
time 

One  way  of  eliminating  tins  difficulty  is  to  remove  the  in- 
teraction from  the  surface  This  lias  been  done  berth  rvitii 
stoiage  devices  and  with  optical  imaging  devices  Two  con 
figuiations  wliic ti  are  used  are  illustrated  in  Fig  1 In  one 
ease  (t  ig  I ‘7(a)),  a large  number  of  p*  regions  in  3 row  aie 
diffused  into  the  semiconductor  These  foim  p4n  junctions. 
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so  that  in  thermal  equilibrium,  a depletion  layer  is  formed 
under  each  p*  region.  If  a junction  is  illuminated  with  light, 
the  generated  holes  cannot  travel  parallel  to  the  surface  be- 
tween two  pairs  of  junctions  because  of  the  potential  barrier 
at  the  n region.  There  should,  therefore,  be  no  sideways  dif- 
fusion and  the  M IT'  should  remain  constant  until  the  spatial 
periodicity  in  the  image  becomes  comparable  to  the  junction 
spacing.  Furthermore,  the  holes  which  arc  generated  in  the 
depiction  layer  move  towards  the  p*  region,  where  their  re- 
combination time  is  extremely  long,  because  any  traps  in  that 
region  arc  already  saturated  with  holes.  Thus  the  sensitivity  of 
such  a device  to  light  can  be  very  high  (34),  (621 . 

In  a convolver,  the  p*n  junctions  arc  chosen  to  be  of  the 
order  of  | wavelength  long  with  | wavelength  spacing  between 
them,  so  as  to  minimize  reflections.  The  junctions  can  consist 
of  strips  across  the  acoustic  beam  path,  or  small  squaic  or  cir- 
cular regions.  In  the  first  case,  the  strips  must  be  well  aligned 
with  the  acoustic  beam,  which  is  sometimes  difficult  with  an 
airgap  type  of  device.  In  the  second  ease  this  requirement  is 
not  so  important.  Nonlinear  interactions  occur  within  the  de- 
pletion layer,  just  as  they  would  in  a device  with  no  junctions 
present.  Now,  however,  as  the  interaction  is  below  the  sur- 
face and  occurs  in  an  area  of  the  order  of  half  the  area  of  the 
total  device  (34 1 the  efficiency  tends  to  be  decreased  by  a 
factor  of  approximately  6 dB,  as  appears  to  be  the  ease  in 
practical  devices  (62).  An  advantage  of  this  kind  of  device,  as 
opposed  to  CCD’s  and  most  other  photosensois  is  that  the 
readout  is  a capacitive  readout,  rather  than  a current  readout. 
It  is,  therefore,  a nondestructive  readout.  The  same  image  can 
be  read  out  over  and  over  again  during  the  storage  tune  of 
charges  within  the  junction. 

A second  alternative  to  this  configuration  is  to  use  Schottky 
barriers  at  the  semiconductor  surface,  rather  than  p-n  junc- 
tions. The  storage  tune  in  Schottky  barriers  is  dependent  on 
the  leakage  current  which  is  still  very  long,  and  the  devices 
tend  to  have  better  response  to  RF  signals.  So  the  initial  re- 
sults look  promising  [351,  (62). 

F.  F\ ternal  Diode  and  Strip  Coupled  Convolvers 

The  most  efficient  airgap  Si-l.iNbOj  convolvers  that  have 
been  constructed  have  an  overall  efficiency  /•'  = /’j/fV’j  of 
~42  dllm.  After  optimization  for  uniformity  and  large  band- 
width, the  efficiency  is  typically  20  dl)  worse  than  this  figure. 
In  these  devices,  the  maximum  input  power  is  limited  by  the 
properties  of  the  input  transducers,  while  the  minimum  input 
po  ver  is  limited  by  noise.  Foi  a reference  power  of  /’ j of 
20  dllm  and  an  output  circuit  with  a -90  dBm  noise  figure, 
F = -42  dllm  yields  an  input  noise  figure  of  -68  dBm.  The 
dynamic  range  for  such  devices  is  therefore  of  the  order  of 
70-70  dB,  which  is  adequate  for  many  purposes.  Therefore, 
it  would  certainly  be  desirable  to  arrive  at  alternative  configu- 
rations with  more  efficiency  and  better  sensitivity. 

One  such  approach  is  to  c .my  out  the  mixing  piocess  in  ex- 
ternal nonlinear  devices,  ralhei  than  in  an  internal  device.  This 
approach  has  been  pioneered  by  Reeder  et  til.  (<>3),  (64). 
I hey  employ  a suiface-wave  delay  line  with  taps  along  the  de- 
lay line,  bach  lap  is  connected  to  an  extern  tl  mixer,  usually  a 
diode,  as  illusti.itcd  in  big  20.  The  advantage  ol  this  system  is 
that  the  nonlmeai  propci  ties  and  impedances  of  the  diodes  can 
be  chosen  independently  of  the  acoustic  propel  lies  and  piezo- 
electric  coupling  coefficient  of  the  delay  tine  material.  I'tieic- 
f»ic,  the  device  can  be  optimized  for  maximum  efficiency. 
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The  mixers  themselves  can  either  make  use  of  the  nonlinear 
FV  characteristic  of  the  diode,  or  a nonlinear  reactive  effect, 
as  in  the  normal  convolver. 

Reeder’s  system  makes  use  of  the  nonlinear  resistive  effect, 
so  that  it  is  necessary  to  have  a dc  return  path  for  the  diodes. 
In  the  shunt  configuration  shown,  this  return  path  is  provided 
through  resistors;  the  impedance  of  the  diodes  can  be  opti- 
mized by  varying  the  bias  applied  to  them.  The  optimum  de- 
sign of  these  arrays  becomes  a tradeoff  between  choosing  the 
diode  impedance  for  maximum  power  sensitivity  or  for  mini- 
mum reflection  from  the  individual  elements  of  the  array  of 
tapped  transducers.  The  tapped  transducers  themselves,  be- 
cause there  arc  normally  a large  number  of  them,  should  be 
made  with  split  | wavelength  fingers  to  minimize  reflections 
from  the  fingers.  The  best  sensitivity  Reeder  obtained  corre- 
sponds to  F ~ -22  dBm  with  saturation  powers  of  the  order  of 
0 dBm.  By  adjusting  the  current,  lie  obtains  a saturation 
power  of  10  dBm  with  F — 33  dBm.  Thus  it  will  be  seen  that 
a considerable  improvement  in  convolver  efficiency  can  be  ob- 
tained by  this  technique,  although  as  the  efficiency  is  made 
optimum,  the  saturation  power  is  correspondingly  decreased 
Thus  the  dynamic  range  of  the  system  is  not  necessarily  greatly 
increased  by  the  stratagem  of  using  external  mixets,  but  the 
sensitivity  of  the  device  can  be  considerably  improved,  The 
devices  can  be  made  very  uniform,  and  Reeder  lias  used  32  tap 
devices  to  obtain  convolution  of  linear  FM  chirps,  and  efficient 
time  reversal  of  signals  in  the  same  manner  as  a convolver  (63) . 

A disadvantage  of  these  devices  is  the  fact  that  they  only  use 
a finite  nunibei  of  sampling  points  along  the  delay  line,  rather 
than  continuous  mtciaction  as  in  the  normal  convolver  This 
makes  it  possible  for  the  device  to  operate  as  a convolver  with 
a number  of  different  input  frequencies,  differing  by  intcgial 
multiples  of  a frequency  which  depends  on  the  tap  spacing  l j\ 
Consider  the  situation  when  the  two  input  frequencies  are  co, 
and  , icspectively,  so  that  the  outputs  are  obtained  from 
the  nth  tap  from  the  center  of  the  device  in  the  form  exp 
/cO,(r  - nl.  j/u),  cxpjcO}(f  + nl.  j'/o),  respectively.  After  mix- 
ing, the  output  obtained  from  the  system  will  be  of  the  fol- 
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Fig.  II.  The  device  used  by  Mauser  end  Desormlcre  to  take  real  lime 
correlation  of  millisecond  signals  1 65  | . 


lowing  form 

Hi) « A exp  | /(to»  + coa  )/J  £ exp 


-;'n/-7'(cU|  - <u2) 


+ B{,;(or,-wt)r  £ cxp 


-/n/.  r(u>  | + w3) 


(3.20) 


where  A and  B are  constant.  It  is  apparent  that  the  output  at 
the  sum  frequency  Wj  * wt  + is  strong,  i.e.,  the  signals 
from  all  taps  are  in  phase  if 

(w,  -wa)/,r/u=  23/it  (3.21) 

where  Si  is  an  integer.  Thus  because  of  the  periodic  spacing  of 
the  taps,  it  is  possible  for  the  convolver  to  operate  at  several 
different  input  frequencies,  spaced  by  u//.j-.  This  result  im- 
plies that  the  maximum  bandwidth  is  limited  by  this  frequency 
excursion,  with  larger  bandwidths  there  would  be  aliasing  of 
llte  input  signals.  Such  a result  is  also  implied  l>>  the  sampling 
theorem  which  would  indicate  that  at  least  two  samples  per 
RF  modulation  cycle  are  required. 

li'Mernal  Integration  A closely  related  foim  of  device,  de- 
vised by  Menager  and  Pesoimierc,  integrates  m time  instead  of 
space  and  takes  the  real  time  correlation  of  millisecond  input 
signals  (05),  With  the  conliguration  shown  m Fig.  21,  a nuin 
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Fig.  li.  Configuration  used  for  acoustic  focusing  and  scanning  |$7). 

ber  of  separate  silicon  strips  are  placed  along  the  device,  each 
acting  as  a separate  convolver.  The  signal  output  from  an  indi- 
vidual strip  with  acoustic  delay  times  T i and  7'j , respectively, 
from  the  input  transducers  is 

h(t,r,,r7)«f(t-Tx)g(t-  r2)  (3.22) 

where  the  input  signals  arc  /(/)  and  y(f),  respectively.  The 
output  from  each  convolver  strip  is  fed  into  an  integrator.  The 
resultant  time  integration  from  each  integrator  is  the  integral 
of  the  product  of  the  two  input  signals: 

Sfs(r7  - 7-,)  « Jj fit  - Tx)g(t  - T7  )dt.  (3.23) 

By  switching  sequentially  from  one  tap  to  the  next,  the  times 
T\  and  7'}  can  be  varied  and  the  correlation  product  of  the 
two  signals  taken  for  several  values  of  the  variable  T a Tx  - 
7'j  - 2Tx  - T where  T is  the  delay  time  through  the  device. 
Such  a device  could  be  useful  for  correlating  digital  codes  and 
have  a performance  which  would  be  competitive  with  existing 
digital  correlators.  The  same  approach  should  be  possible  by 
using  the  Reeder  form  of  tapped  delay  line,  with  integrators 
on  the  outputs  of  each  diode,  with  the  outputs  being  taken  at 
baseband  frequencies  (63] . 

Acoustic'  Imaging  Devices.  Another  application  of  a tapped 
system  of  this  kind  is  to  an  acoustic  imaging  device  which  has 
applications  to  sonar,  nondestructive  testing  and  medical  imag- 
ing. In  this  device  the  convolver  processing  is  used  to  focus 
and  scan  an  image,  or  to  take  the  Fresnel  transform  of  the 
spatial  variation  of  a signal  arriving  at  an  array  of  transducers. 
Considei  as  an  example,  the  configuration  shown  in  Fig.  22, 
in  which  low-fiequency  signals  of  frequency  (Oj  from  each 
element  of  a linear  airay  of  piezoelectric'  transducers  arc  mixed 
through  the  diodes  with  the  scan  signals  fiom  corresponding 
taps  on  the  delay  line,  and  the  outputs  summed  [46],  (66), 
(67] . In  this  case  one  input  signal  is  that  passing  along  the  de- 
lay line,  the  rest  are  a set  of  signals  arriving  from  the  individual 
transducers  A plane  wave  signal  arriving  at  an  angle  0 to  the 
normal  to  the  face  of  the  nth  transducer  gives  use  to  an  output 
from  the  transducer  of  the  foim  cxp  -/cOjd/. /•  sin  0/um  where 
e,„  is  the  wave  velocity  m the  acoustic  medium  and  the  trails 
diicer  spacing  is  taken  to  be  / j-  for  simplicity.  If  a signal  of 
frequency  co(  is  inserted  on  the  delay  line,  the  pioduct  signal 
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obtained  from  the  sum  line  will  be  of  the  form 


/•'(r)  - A c.\p  | Aw,  + Wj)f) 


tor  sin  0 


(3.24) 


where  A is  a constant. 

It  follows  that  by  changing  the  frequency  of  the  input  signal 
to  the  delay  line,  the  differences  in  phase  between  the  differ- 
ent transducers  can  be  canceled  out  and  a strong  output  signal 
obtained  if 


coi  <os  sin  0 2,Urr 
n u, „ l.T  ' 


(3.2S) 


Thus  by  changing  input  signal  frequency,  it  is  possible  to  scan 
the  angle  0 of  the  incident  beam  which  is  received. 

This  idea  can  be  extrapolated  to  allow  foi  focusing  of  the 
input  beam.  If  we  generalise  the  situation  to  desciibe  the  prob- 
lem of  imaging  a point  (.v,  :),  where  : is  the  distance  from  the 
array,  the  paraxial  equation  of  optics  leads  to  the  conclusion 
that  the  phase  at  the  nth  transducer  element  due  to  a point 
source  of  frequency  cof  has  a square- law  variation  phase  along 
the  array 


wr-  Wj(v  - ui.ry 
0;l  “ W, t ' ' 

u...  2 * v#»» 


(3.26) 


It  can  be  shown  by  the  same  type  of  analysis  that  if  a linear 
I'M  c hirp  of  frequency  <0|  r pr,  with  a square-law  variation  of 
phase  0 = <o'|(  + /at5/ 2 is  inserted  into  the  delay  line,  the  squaie- 
law  variation  of  phase  fiom  the  point  source  is  cancelled  out 
and  a strong  output  signal  is  obtained  i! 

p = w,u3/:c„,  (3  27) 


and  to | is  chosen  so  that  <o,  /.  ;-/t>  n 2 .Urr.  This  output  is  ob- 
tained at  a time 


t x/v.  (3.28) 

Thus  the  device  naturaily  scans  along  a line  a distance  .•  from 
the  atray  at  a velocity  i>,  the  focal  length  of  the  electronic  lens 
is  changed  by  changing  the  chiip  late  /i  The  definition  of 
such  a lens  is  the  same  as  that  of  any  othei  lens  of  the  same 
apeituie',  or  width  I = A7  /-,  i.e  , it  is 

<ls»:\sll.  (3.24) 

where  the  acoustic  wavelength  in  the  medium  is  Xs  The  limte 
spacing  of  the  taps  gives  use  to  aliasing,  as  already  mentioned, 
a phenomenon  known  as  “grating  lobes"  in  optic  s 1 Iris  limits 
the  held  of  view,  or  the  number  of  resolvable  spots  between 
repeated  images  to  approximately  the  number  of  laps  in  the 
delay  line 

lire  basic  concept  ot  this  system  is  easily  generalised  by 
feeding  input  signals  into  the  diodes  and  to  the  delay  line,  the 
device  van  be  used  with  a trot,  diuer  anay  as  a tiansniittci 
In  piovticc.  the  diodes  .lie  ustiallv  repla.ed  by  balanced  mixers 
and  amplifiers  An  example  ot  a transmission  pietuie  taken  ot 
a I m tlink  aluminum  block  using  two  fiuused  and  Manned 
32  elene'iit  transmitter  and  icwivei  .mays  facing  cash  other 
with  the  block  halfway  in  between  them,  is  shown  in  1 ig  23 
I he  results  vveie  obtained  with  an  acoustic  frequency  ]s  of 
.'  s MU/,  with  iiv  c Ironic  at  scanning  of  the  block  m the  veitual 
direction,  the  acoustic  beam  being  defined  m the  veitic.d  dues 
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DRAWING  OF  ALUMINUM  BLOCK 

l ig  2 3 Acoustic  image  of  a 1 in  thick  aluminum  block  with  holes 
drilled  in  it.  The  transmitter  and  receiver  arc  both  electronically 
focused  .and  Manned  in  the  a direction.  Mechanical  scanning  is  used 
in  the  y direction.  The  acoustic  frequency  is  2 5 MM/,  the  block  is 
placed  between  two  30  element  arrays  8 cm  long,  28  cm  apart  |67), 


tion  by  a thin  slit  [67).  This  is  the  reason  why  the  vertical 
definition  of  the  pietuie  is  worse  than  the  horizontal  definition. 

We  have  described  here  an  imaging  system  based  on  the  con- 
volver principle  which  uses  external  acoustic  transducers.  The 
concept  is  not  necessarily  limited  to  the  rise  of  low  frequency 
acoustic  transducers.  By  using  continuous  convolvers  and 
multiply  tapped  output  transducers  laid  down  on  them,  it 
should  be  possible  to  use  the  same  principles  at  much  higher 
acoustic  frequencies  in  the  UIIl;  or  V 11 1*  range.  Similarly  one 
could  expect  the  concept  to  be  applicable  to  phased  array 
antenna  systems  By  using  optical  detectors  it  is  possible  to 
scan  optical  images,  as  we  have  already  discussed.  However, 
if  a phase  reference  is  employed,  as  is  done  in  holography, 
then  it  should  be  possible  by  these  techniques  to  either  iceon- 
stiuct  Itologiapluc  images  already  obtained  on  film,  or  to  em- 
ploy the  devise  for  fo. using  and  scanning  optical  or  infraicd 
images  Thus  the  convolution  principle  employs  acoustic 
signal  processing  techniques  to  provide  a real-time  scanning 
and  focusing  capability 

Snip  CouphJ  /Vwce.t  Befoie  proceeding  to  other  subjects, 
mention  should  be  made  of  one  other  veision  of  the  tapped 
convolver  system,  the  stnp-coupled  convolver  i(>8),  |(>‘>) 

1 he  construction  o!  this  type’  of  convolv'd  lias  been  an  at- 
tempt to  eliminate  some  of  the  difficulties  ot  the  tapped  ex 
lein.il  diode  convolver,  which  involves  making  a hybrid  type 
of  devise  with  many  external  vonuectrons  The  basis  idea  hero 
is  to  use  sm(;lc  stops  lonuevted  to  diodes,  lather  than  mtei- 
dipital  ti.insduv.ci  taps  !n  this  vase,  an  airay  of  X/8  wide 
stops  is  laid  down  in  the  .Holistic  beam  path  In  the  example 
given  by  Kino  and  Shicve  |68l , this  was  done  by  lay  ing  down 
the  stops  on  a l iNbO(  suhstiale,  as  shown  in  big  2<  By 
placing  the  semuondustor  normally  used  for  the  convolve i 
outside  the  beam  path,  good  im\ hamoal  lontact  can  be  made 
between  the  semiconductor  and  the  coupling  stops  In  then 
case,  a sciiiHomhu tor  overlapping  the  end  ot  the  metal  stops 
by  distaiucs  of  the  older  25-100  /tin  was  pki.cd  in  i ont.n I 
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H|.  14.  A ttrip  couplet)  convolver  1 6S) , 

with  the  metal  strips  by  mechanical  pressure,  the  acoustic 
beam  width  itself  bcin)',  1.25  mm. 

liach  metal  strip,  where  it  contacts  the  semiconductor,  acts 
as  an  MOS  diode,  or  equivalently,  as  a nonlinear  capacitor.  If 
a current  / per  unit  length  is  induced  on  a sltip  of  width  /, 
length  w by  the  acoustic  wave  and  the  oveilap  region  of  the 
diode  is  of  length  </,  then  the  current  density  at  the  semicon- 
ductor is  increased  by  a factor  of  approximately  «•/*/  over  the 
Value  that  would  be  obtained  if  a semiconductor  were  placed 
directly  over  the  acoustic  beam  of  width  ie.  In  the  equivalent 
circuit  Pig.  1 1 this  means  reducing  t'f,  and  increasing  lit, 
radically.'  Consequently,  the  displacement  cuirent  density  at 
the  semiconductor  is  increased  by  the  same  ratio  and  the  I' 
field  at  the  semiconductor  is  also  increased  by  this  value  It, 
therefore,  follows  that  the  nonlinear  effects  aie  increased  by 
a ratio  (i e/d)5 . So  the  device  is  a far  more  efficient  nonlinear 
convolver  than  tne  normal  convolver.  I he  reasons  are  the 
same  as  in  the  external  diode  system,  a better  impedance 
match  has  been  obtained,  although  in  this  case  the  diodes  ate 
being  used  as  reactive  nonlinear  devices  rathei  than  resistive 
devices. 

By  operating  in  this  mode,  Kino  and  Shieve  lt>5| . have  con- 
structed devices  with  an  efficiency  /•')•  ° = 22  dBm 

and  a dynamic  langc  of  SO  dll,  although  with  a slightly  more 
limited  dynamic  range  when  the  device  is  operated  m a com- 
pletely linear  legion,  where  the  saturation  powers  are  of  the 
order  of  0 dBm,  him  as  in  the  external  diode  convolver 

The  device,  as  demonstrated,  was  not  necessarily  veiy  piac- 
tieal  because  it  still  involved  obtaining  a good  mechanical  con- 
tact. Adkins,  has  made  such  devices  with  silicon  and  aluminum 
nittide  laid  down  side  by  side  on  a sapphire  subsiiatc  (o^l 
The  results  are  pionnsing,  although  the  ellicicncies,  as  yet, 
have  been  low  But  the  basic  principles  have  been  well  proven 
by  his  results  As  we  shall  see,  these'  punciples  ,ue  of  gieat  im- 
portance m storage  devices  because  they  lead  to  the  conclusion 
that,  when  separate  diodes  ate  used  to  provide  the  basic  non- 
linearity of  these  devices,  it  is  often  useful  to  have  metal  con- 
tacts which  aie  much  huger  than  the'  actual  aiea  of  the  diode 
In  lilts  case,  iadk.il  improvement  in  convolver  etficiencv  can 
be  obtained,  and  the  optimum  design  be, omes  a uadeotl  be- 
tween convolver  ctliciency  and  sat  in  at  ion  powei 

It  should  be  noted  that  the  same  idea  has  been  suggested  foi 
acoustic  amplifiers  ( N' ) - 1 7 2 1 In  principle,  it  should  be  pos- 
stble  to  make  amplifiers  with  minli  huger  gains  pci  unit  length 
The  only  difference  liom  the  convolve!  contig.uialion  would 
be  that  the  earners  between  the  'tups  would  have  to  dnlt  m 
the  direction  ot  piopagation  of  the  acoustic  wave  In  pi.kliee. 
none  of  these  ainphlieis  have  pioved  to  be'  veiy  successful 
The  basic  reason  lot  this,  as  shown  by  Maeifcld  (71)  and 
Ulotkcjacr  |72|,  is  that  space  haiinomc  mteiactioiis  m these 
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2$  A schematic  of  the  system  used  for  the  storage  correlator  ( 1 . 
(a)  Head  in.  (h)  Head  out.  (v)  Illustration  of  the  atorage  mcvhanism 
in  a diode 


devices  are  strong,  and  interaetion  with  these  harmonies  can 
lead  to  acoustic  losses.  The  acoustic  losses  due  to  this  cause 
typi,  ally  outweigh  the  impiovcments  in  acoustic  gain  ob- 
tained at  the  fundamental  harmonic.  In  principle,  the  devices 
would  woik  with  a very  large  mint  bet  of  strips  per  wavelength, 
but  ns  practice  the  mechanical  requirements  for  doing  this  are 
too  severe. 

(>'  Storage  Conclatoi 

The  most  iccent  development  in  acoustoclcctiie  devices  is 
the  storage  correlator  l Ins  device  makes  use,  in  ns  different 
forms,  of  one  of  seveial  possible  stoiage  mechanisms  such  as 
storage  in  suiface  daps,  bulk  traps,  m diodes,  or  by  charging 
from  an  electron  beam 

t’onsidci  the  commutation  shown  in  Fig.  25,  winch  is  the 
one  fust  used  by  Beis  and  Cafatella  1 2 2 1 Suppose  an  RF 
signal  of  tiequeney  iO|  is  insetted  into  the  convolver  This 
signal  will  give  rise  to  a surface  acoustic  wave  which  vanes 
as  exp  ;U,v  k t along  the  device  Now  suppose  that  when 
the  Rl  wave  is  passing  undei  the  semiconductor,  a short  RF 
pulse'  of  liequcncy  ,e,  is  applied  between  the  output  plate  of 
the  convolver  and  the  semiconductor,  tins  excites  an  UF  field 
which  vanes  as  exp  ;,.v  I'he'  nonlmeai  interaction  between 
this  signal  and  the  acoustic  surface  wave  will  then  give  use  to 
do  tonus  which  vary  as  cos  K,:  If  the  semicondiktot  had 
been  initially  bused  into  depletion  by  a dc  field,  then  the 
positive  RF  peaks  would  tend  to  move  carnets  towards  the 
senik onduv toi  suitace  and  these  earners  would  be  trapped  in 
suif.kc  stales  Unis  ,i  signal  ol  the  loim  / tr)  exp ;,o,r  insetted 
into  the  devue  will  give  use  to  a vanaiion  in  tup  density  of 
the  fonn  f\  :/i')vosk|.- 

In  piacticc,  the  slioit  RF  burst  lequued  on  the' plate  miy 
consist  ot  a single  s!  ,ni  pulse  of  one-halt  RF  exile  \ second 
altetiunve  lust  used  by  llayakawa  and  Kino,  is  to  woik  with 
a baseband  pulse  |U|  In  this  ease,  the  stored  inloi-iutton 
couosponds  lo  the  modulation  of  the  Rl  signal  ttl'c  positive 
RF  peaks)  In  belli  , ases,  the  trapped  charge  modulaics  the 
llikkisess  of  the  depletion  layei,  so  it  attests  the  iiu.-ustion 
of  the  semieonductoi  with  any  later  signal  lead  into  it 
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The  stored  information  may  be  read  out  by  using  a reading 
signal  which  has  the  same  spatial  periodicity  (32|.  If  an  RF 
pulse  is  applied  at  the  input  interdigital  transducer  of  the 
form  G(t)  exp  /coj/,  an  output  will  be  obtained  from  the  out- 
put electrode  of  the  form 

<330> 

where  the  integration  is  taken  over  the  length  of  the  output 
electrode.  It  will  be  observed  that  the  output  signal  is  the  cor- 
relation of  the  reading  signal  G(t)  and  the  original  stored  sig- 
nal F(t).  Alternatively,  if  a reading  signal  is  inserted  at  the 
other  end  of  the  device  of  the  form  G(t)  exp /w(r,  the  output 
signal  obtained  will  be  of  the  form 

//(/)-/<  exp(/w,.-)j* + (3-31) 

In  this  ease,  the  output  is  the  convolution  of  the  stored  signal 
F(t)  with  the  reading  signal  (.(f).  In  both  eases,  if  the  reading 
signal  is  a 6 function,  the  signal  obtained  at  the  output  is  the 
original  stored  signal  or  the  time  reversed  version  of  the  input 
signal  respectively. 

Similarly  if  the  second  method  is  used  to  store  a baseband 
pulse  133),  the  output  could  be  read  out  at  baseband  in  the 
same  way,  or  the  device  could  be  used  as  an  acoustic  convolver 
and  the  output  read  out  from  the  plate  at  a frequency  2c o. 
The  advantage  of  this  technique  is  that  if  there  is  any  carrier 
diffusion  or  the  trapping  time  is  slow,  only  relatively  low- 
frequency  information  need  be  stored  rather  than  the  carrier 
frequency  itself. 

There  are  numerous  other  ways  to  use  this  device.  For  in- 
stance, if  the  reading  signal  is  inserted  on  the  plate  electrode 
instead  of  at  one  of  the  interdigital  transducers,  it  can  be 
shown  that  the  output  signal  obtained  is  either  the  correlation 
or  the  convolution  of  this  signal  with  the  stored  signal,  de- 
pending on  which  end  of  the  device  the  signal  was  obtained 
from. 

Electron  Ream  Stoiage'  The  earliest  demonstration  of  such 
storage  techniques  did  not  involve  the  use  of  a semiconductor. 
Instead,  Bert  of  <1/  (36)  used  a pulsed  electron  beam  incident 
on  the  piezoelectric  substrate,  in  then  case,  quartz  The  reflec- 
tion coefficient  of  the  electrons  was  changed  by  the  potential 
at  the  surface  of  the  dielectric  associated  with  the  acoustic 
surface  waves,  Therefore,  when  the  election  beam  was  pulsed 
sufficiently  rapidlv,  chat  go  was  stored  on  the  sin  face  of  the 
dielectric,  which  depended  on  the  acoustic  modulation.  The 
stored  charge  could  be  erased  fiom  the  device  by  pulsing  it 
once  more  with  an  electron  beam.  At  this  time  acoustic  sur- 
face waves  propagating  in  both  directions  were  excited  by  the 
change  in  potential  at  the  dielectric  suitace,  and  so  either  the 
original  signal  or  a time  icvcrsed  signal  could  be  obtained  from 
the  stoiage  device. 

Distributed  Diode  Devices:  More  recently,,  the  trend  has 
been  towaids  eliminating  surface'  effects,  and  wot  king  with 
cither  Schottkv  banters  |3S)-|37|  or  p-n  junctions  |34). 
Just  as  with  optical  devices  and  the  convolvers  themselves,  the 
problem  of  lepioducibility  and  umloruiity  is  made  much 
simpler  by  employing  interactions  below  the  surface  of  the 
scmicondiivtoi.  ITiithennore,  much  bettei  contiol  over  the 
lead  in  times  and  storage  times  can  be  obtained.  The  woik  on 
Schotlky  bainei  stoiage  is  covered  in  an  accompanying 
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paper  in  this  issue  by  Ingcbrigtsen,  so  we  shall  not  describe  it 
in  detail  here  |3S).  Suffice  it  to  say  that  if  a row  of  Schottky 
barriers  is  laid  down  on  the  semiconductor  in  the  configuration 
shown  in  Fig.  18(b),  the  Schottky  barriers  will  normally  be  in 
thermal  equilibrium,  and  therefore  there  will  be  depletion 
layers  under  them.  Suppose  now  we  pulse  the  silicon  negative 
with  respect  to  the  grounded  film  underneath  the  substrate,  as 
illustrated  in  Fig.  25(c).  In  this  case,  a Schottky  hairier  would 
be  forward  biased  and  the  charge  it  would  receive  would  be 
Q *=  Ci  F,  where  C|  is  the  capacity  of  the  Schottky  barrier  to 
ground  and  V the  applied  potential.  If,  now  the  pulse  is  re- 
moved, the  Schottky  barrier  becomes  reverse  biased  and  the 
only  way  the  charge  can  leak  away  from  the  electrode  is 
through  the  leakage  current  of  the  Schottky  diode.  If,  in  the 
reverse  biased  condition,  the  leakage  current  or  saturation 
current  of  the  Schottky  diode  is  ls,  the  discharge  time  before 
the  diode  returns  to  equilibrium  is  approximately  td  = Q/Is  * 
C,  F//j. 

More  generally,  if  a pulse  has  been  applied  to  the  device  and 
there  is  an  acoustic  surface  wave  traveling  along  the  surface, 
the  total  potential  at  the  diode  will  depend  on  the  sum  of  the 
potentials  due  to  the  acoustic  surface  wave  and  the  applied 
pulse,  as  will  the  ..tored  charge  when  the  device  is  forward 
biased.  It  is  apparent,  then,  because  the  Schottky  barrier 
diode  has  a very  rapid  turn  on  time,  i.e.,  the  current  rises  very 
rapidly  with  voltage  and,  essentially  instantaneously,  it  should 
be  possible  to  charge  such  a dio.de  in  a few  nanoseconds.  On 
the  other  hand,  the  discharge  time  will  depend  basically  on 
the  leakage  time.  It  is,  therefore  desirable  to  use  a diode  with 
as  low  a leakage  current  as  possible.  This,  m turn,  implies  the 
use  of  a diode  with  as  high  a barrier  potential  as  possible.  For 
this  reason,  one  of  the  best  choices  is  a platmum-silicule  diode 
in  an  n-type  semiconductor  which  has  a barrier  potential  of 
0.86  eV.  With  such  a diode,  assuming  that  the  external  ca- 
pacities are  comparable  to  the  internal  capacity  of  the  diode 
when  depleted,  the  discharge  times  are  estimated  to  be  in  the 
range  of  10-100  ms  depending  on  the  size  of  the  contact  elec- 
trode used  with  the  diode.  When  the  contact  area  is  larger 
than  that  of  the  diode,  the  convolution  efficiency  is  increased 
because  the  device  acts  as  a strip  coupled  convolver,  further- 
moic,  because  of  the  larger  capacity  of  the  contact  to  ground, 
the  storage  time  is  increased.  The  results  ate  in  teasonable 
agreement  with  the  experiments.  Schottky  hairier  diode 
arrays  of  this  kind  have  been  demonstrated  by  Ingebiigtsen  to 
have  read  in  times  in  the  order  of  a few  nanoseconds,  and  dis- 
charge times  of  as  much  as  100  ms.  ('oriclation  and  convolu- 
tion with  good  efficiency  have  been  obtained  with  such  diode 
arrays,  and  correlation  of  F'M  chirps  and  digital  codes  has 
been  demonstrated. 

Results  of  this  type  have  also  been  obtained  with  p-n  diode 
ariays  by  Maerfeld  et  at.  134 1 using  the  types  of  storage  mode 
described.  They  have  shown  that  although  tin  lead  in 
times  are  of  the  ordei  of  I ps,  the  storage  times  aie  coriespoiid- 
mgly  longer  with  p-n  diodes  The  stoiage  time  now  depends 
on  the  decay  time  of  stoied  mmoiity  earners,  which  is  rela- 
tively long.  Maeileld  et  al.  have  obscived  stoiage  times  ot  as 
much  as  1 5 s in  devices  of  this  kind,  using  commeicial  Vidieon 
anay.s  for  the  p-n  diode  array. 

One  impoilant  application  of  these  devices  has  alicady  been 
mentioned  (37)  In  this  application,  couclation  i\  i.iined  out 
between  a leference  echo  and  an  echo  liom  the  obicet  ol  in- 
kiest, thus  making  the  leqimeinents  on  the  acuuaey  ot  the 


l 


-77- 


KINO:  ACOUSTOtXIXTRIC  INTKRACTIONS 


74  J 


radar  system  or  propagation  path  much  less  severe.  The  same 
considerations  apply  to  acoustic  pulse  reflection  systems  used 
for  nondestructive  testing  and  medical  imaging.  In  this  case, 
the  great  advantage  could  he  that  when  an  acoustic  transducer 
is  placed  in  contact  with  an  object,  a tefcienec  signal  from  the 
contact  could  be  obtained,  which  could  be  correlated  with  a 
signal  from  an  echo  deep  within  the  object.  Now  it  would  be 
possible  to  compensate  for  an  utegular  contact,  as  well  as  the 
characteristics  of  the  tiansducer  itself. 

The  storage  correlator  is  an  obvious  device  for  reconstructing 
transformed  optical  image  signals.  It  has  been  shown  by 
Ingebrigtsen  |3S|,  1 37 1 that  if  the  Schottky  barrier  electrode 
is  made  of  a resistive  matcii.il,  polysilieon,  the  foiw.ud  cut- 
rents  can  be  kept  low.  Therefore,  when  a second  input  signal 
is  incident  on  the  device,  it  can  be  lead  in  and  added  to  the 
original  signal  stoied  in  the  device  without  losing  the  informa- 
tion already  piesent.  Thus  the  device  acts  as  an  integiatoi. 
This  makes  it  possible  to  store  signal  transforms  within  the  de- 
vice and  thus  catty  out  many  of  the  processes alteady  desenbed 
for  optical  imaging,  i.e.,  otic  can  hope  to  obtain  a type  of 
holographic  storage 

Further  possibilities  arise  for  two-dimensional  systems  It  is 
still  very  early  to  know  wheie  this  wotk  will  lead  but  it  would 
appear  that  bit  storages  of  10s  bits, 'cm1  should  be  possible  m 
two-dimensional  versions  of  tins  dune  |37(.  ruitlictnioie  it 
should  be  possible  to  cany  out  stoiagc  in  a holographic  form, 
t.ithor  than  directly.  In  addition,  of  couise.  it  should  be  possi- 
ble in  two-dimensional  devices,  just  as  in  the  one-dnnensional 
form,  to  correlate  stoied  mtoi rii.ition  with  latei  uitormation 
read  into  the  device. 

Storage  m (MS  Define  leasing  the  suhiect  of  storage,  it  is 
important  to  bung  the  teadoi’s  att.ntioii  to  a closely  related 
form  of  storage  device  suggested  by  Meleher  and  Slnten  |38|, 
which  has  the  capability  of  very  large  storage  capacity  at  ex- 
tiemely  high  bit  i.itcs  llus  is  a bulk-wave  device' which  em- 
ploys CMS  opeiated  at  cryogenic  lompcratuics  Stoiagc  of  the 
signals  is  in  bulk  tups., it  lose  tempo, .itiues  the  ptobibihly  for 
field  assisted  tunneling  from  bound  states  is 

/’  = /!(<>  I n)e.vp(-/>Yr/| /-.'I) 

where  cp  is  the  trap  energy  level  Thus  the  nuiubei  of  tups 
filled  depends  on  the  electin'  field  strength. 

Operation  is  in  ev.ictlv  the  same  manner  as  aheady  de- 
scribed. All  UT  input  signal  l\t)  e\p  ;co(  i excites  a bulk  wave, 
and  a uniform  Rl  field  is  mtioduccd  by  a pan  of  oK diodes  on 
either  side  of  the  CMS  ciystal.just  as  in  Fig  35(a),  ii  the  silicon 
weie  replaced  by  a simple  eledtode  Readout  follows  the 
previous  technniiie  desenbed.  In  this  case,  however,  because 
of  the  low  acoustic  losses  at  A K,  operation  could  bv  c anted  out 
at  ficiiucncies  of  10  C»H.\  and  stoiagc  obumed  foi  scvcial 
months.  As  this  is  a volume  wave  device,  the  implication  is 
that  the  bit  stoiagc  capacity  could  be  of  the  oidct  ot  10*  Vein* 
with  extiemely  high  bit  tales 

Sloug,e  of  acoustic  wave  signals  in  CMS  lias  also  been  ob- 
tained at  room  icmpci.ttmc,  using  the  normal  Shockley -Read 
mechanism  for  tilling  bulk  tups  (301,  [t0|.  (551  In  tins 
ease,  as  is  usual  with  CMS,  tlw  ,c airier  conductivity  was  con 
(tolled  by  ilbimiiution,  as  shown  in  l'ig  3(>  lllcusUui 
Culac'v  (51.  |(>l  waves  weic  c mployccl,  with  signal  lead  into 
tiaiisdilcc'i  1.  and  readout  of  li.uisdinets  3 oi  3 The  plate 
electrode,  m tin.,  case,  was  n placed  hy  two  electrodes  be- 
tween whtcli  an  electric.  Iicld  p.irallc'l  to  the  surface  was  in 
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t tg.  26.  1 lie  configuration  used  for  storage  of  Uleusteiii-Ciulgaev  waves 
ill  CdS  | J9 1 . 

A— IN1CRDIGITAL  ELtCIRODCS 


I ig.  17  1 lie  four  configurations  for  an  interdigital  transducer  on  a non- 
t<ie/oelectnc  sntistrate  (a)  1 lie  interdigital  electrodes  on  top  of  (lie 
?nO  and  a metal  film  at  tlic  interlace  (t’J  Same  as  (a)  twit  without  a 
metal  tdm  at  the  interlace  (d  rite  interdigital  electrodes  at  the  inter 
face  and  a metal  Idm  on  lop  ol  Die  /nO.  (cl)  Same  ac  (e)  hoi  without 
metal  film  on  top  of  the  ?nO  |48),  |4V|. 

duecd.  flic'  experimental  tesulls  of  Maerfeld  and  Tournots 
indicated  decay  times  of  the  otdet  of  100-400 /is,  with  rela- 
tively long  te.id-m  times  of  the  otdet  of  40  /is  |39).  Later 
work  by  Dastnte  ct  .t/,  indicated  100  ms  storage  tunes  with 
coirespondingly  longer  lead  in  tunes  1-10] . 

II  The  /.nO  on  Si  anil  7.nO  on  (la As  Convolvers 

We  have  described  .noustoelectiic  devices  in  which  the  inter- 
action is  obtained  between  a semiconductor,  usually  silicon, 
and  a piezoelectric  substrate,  usually  htluum  mobate,  with  the 
two  iii.iteii.ils  sepat ated  fiom  each  other  by  means  of  an  air- 
gap.  For  this  reason,  a sophisticated  mcchanicMl  technology  is 
tccpiitcd  with  detailed  optical  finishing  of  both  substrates. 
Theie  are  otliei  approaches  which  are  being  tried  to  eliminate 
these  kinds  of  difficulties.  One  is  to  deposit  a semiconductor 
on  a piezoelectric  substrate  |*)|,  (101,  (301.  A second 
method  is  to  deposit  AIN  and  Si  on  sapphue  stele  by  side  and 
use  coupling  strips  between  them  ( tsU J In  this  section  we  will 
dcsctihc  yet  anothet  alternative,  the  deposition  of  ZnO,  a 
piezoeh'ctuc  mateii.il,  on  .»  semiconductor  Midi  as  silicon  or 
gallium  .useiude.  We  believe  that  this  approach  is  a viable  one, 
not  only  because  it  can  lead  to  usetul  convolvers  and  ample 
fieis,  but  in  addition,  as  has  been  shown  by  Itn.kcrncll,  the  use 
ot  silicon  technology  makes  it  possible  to  constant  switches, 
amplifiers,  and  othoi  devices  noim.illy  used  in  mtcgiated  cir- 
cuit on  the  same  substtatc  as  the  acoustic  sut face-wave 
device  1-18) . 

It  was  shown  a tew  yc.us  ago  by  Hie  kerne'll  that  sputtered  7.nO 
is  an  excellent  niakual  to  lay  down  on  a nonpiezoelectiic  sub 
stiate  to  c'bt.un  good  coupling  ol  acoustic  surface  waves  (-IS) 
Social  c onfigui.it ions  lot  obtaining  coupling  ate  possible  and 
aie  shown  in  Fig  37  Vli.w  involve  the  use  of  an  inte'i digital 
tiansducer,  c'lthei  on  the  top  siufacc’  ot  the  ZtiO  or  at  the  tutei- 
face,  with  a ground  electrode  sometimes  placed  on  the  opposite 
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Fl(.  28.  The  vitiation  of  M'/u  for  ZnO  on  seim-insulttint  Si,  with  four 
diffetent  configurations  |4«  |. 

surface  and  sometimes  missing.  The  theory  of  the  coupling 
was  wotked  out  by  Kino  and  Wagets  |4')|  who  showed  that 
there  is  an  optimum  thickness  for  the  ZnO.  Curves  of  their  re- 
sults, which  assume  that  the  Si  is  scmwnsulatmg,  are  given  m 
Fig.  28.  With  a ground  electrode  present,  there  is  a peak  in  the 
effective  Au/i>,  where  the  thickness  of  the  ZnO  is  of  the  order 
of  0.05  X.  There  is  a further  much  larger  peak  in  Ai'/t\  with  a 
value  of  0.015  comparable  to  that  of  liNbOj  (0  022)  where 
the  thickness  of  the  ZnO  is  approximately  0.4  X. 

If  it  is  required  to  mtioducc  an  acoustic  surface  wave  on  a 
conductive  silicon  semiconductor,  it  is  usually  convenient  to 
work  with  an  interdigital  transducer  on  the  top  suiface  and  a 
ground  electrode  under  the  ZnO.  It  will  be  observed  that 
epitaxially  grown  pieroelcctiic  mateii.d  must  be  deposited  at 
a high  temperature  and  would  both  contaminate  and  be  con- 
taminated by  the  silicon  Therefore,  a pie/oelccttic'  material 
which  can  be  sputter  deposited  is  not  malty  employed.  This 
usually  implies  the  choice  of  either  CdS  oi  ZnO  The  lattei  is 
easier  to  pioduec  teproducibly  in  a semi-msulating  feu  nr,  in 
addition  it  has  a higher  coupling  coefficient 
llicheinell  has  constituted  ZnO  on  Si  devices  with  the  con- 
figuration of  Tig  27(d)  growing  a very  thick  layer  of  SiO,  on 
top  of  the  silicon,  then  laying  down  the  requited  tiansduceis 
before  deposition  of  the  ZnO  |48).  Hovvevet,  in  acoustoelec 
trie  devices  the  acoustic  surface  wave  must  interact  with  the 
silicon,  therefore  it  is  necessary  to  work  with  a relatively  thin 
layci  of  SiOj  Futtheimote,  if  a ZnO  layet  is  laid  down  along 
the  length  of  the  acoustic  path,  it  is  desirable  to  have  a rela- 
tively thin  layer  because  the  acoustic  losses  m the  ZnO  are 
relatively  high  In  this  case  most  of  the  acoustic  energy  is  in 
the  underty  mg  silicon,  rather  than  in  the  ZnO  layet 
A convolver  may  be  constructed  in  this  configuiation,  icla- 
tively  simply,  by  placing  an  electrode  on  the  top  surface  of 
the  ZnO,  as  shown  in  1'ig  2l>  (501-152)  The  device  works  in 
much  the  same  tnannei  as  the  noim.il  convolve!,  except  that 
now  the  effective  value  of  Ar/e  is  relitively  low, ami  the  opti- 
mum iv'sistivity  tends  to  be  of  the  ordei  of  50  il  c in, although 
most  ot  the  operating  device's  that  have  been  constituted  have 
worked  with  somewhat  lower  resistivity  matcital,  the  optimum 
icsistivity  not  being  veiv  ciitual  JVvkcs  made  in  this  con- 
figuration have  given  an  i ilu  iciic  v of/  /'j  /’|/\  58  dllm, 

the  lesulis  companng  quite  closely  lo  ■>  tluoiy  domed  by 
KIiuii  Yakub  |50|,  which  is  based  on  the  Unit  hi  theoiv  a! 
icady  described  { Zts  1 1 he  lesults  induale,  in  a simple  con 

volvei,  the  maximum  cltuiency  to  be  expected  is  appioxi 


I 

T 


MONOLITHIC  CONVOLVd  WITH  J 1,0/SI 

FSg,  29.  A schematic  of  » ZnO  on  Si  convolver  | SO  |-| S2  |. 

matcly  -52  dBm  if  all  parameters  are  optimized,  a figure  about 
10  dB  worse  than  the  best  airgap  convolvers. 

The  major  disadvantages  of  this  type  of  convolver  arc  asso- 
ciated with  the  presence  ot  surface  state  traps  at  the  StOj-Si 
interface, as  well  as  traps  at  the  SiOj-ZnO  interface  and  within 
the  ZnO  itself.  In  particular,  the  traps  within  the  ZnO  are 
difficult  to  eliminate  even  m single  crystal  material,  let  alone 
in  sputtered  materials. 

The  (tapping  effects  manifest  themselves  by  tending  to  make 
the  characteristics  dnl't  with  tune.  If  a dc  potential  u applied 
to  the  output  electrode,  traps  will  charge  up  oi  dischatgc  and 
the  characteristics  of  the  convolver  will  tend  to  drift  back  to 
equilibrium  in  limes  as  long  as  several  days.  The  results  de- 
pend veiy  much  on  deposition  conditions  and  have  varied 
from  laboratory  to  laboratory.  Further,  if  it  is  attempted  to 
use  the  devices  for  optical  imaging,  the  problems  are  still  more 
extreme  because  the  presence  of  light  can  chaige  the  Maps 
[51],  |521.  However,  by  applying  short  pulses  to  the  device 
to  bring  it  back  to  equilibtium  before  an  optical  scan,  l.lhott 
el  al.  were  able  to  obtain  teasonably  leproduuble  results  for 
acoustic  scanning  of  optical  images  1521 . 

On  the  other  hand,  this  storage  mechanism  itself  can  be  used 
to  give  a semipeimanent  read  m to  a device  of  this  kind,  al- 
though the  chaige  times  ate  iclativcly  slow  Such  lesults,  m 
both  one  and  two-dimensional  configurations,  have  been  ob- 
tained by  C'oldien  and  aie  described  in  this  issue  (51 ). 

One  of  the  major  advantages  of  a ZnO  on  St  device  is  the 
iclativcly  small  thickness  ot  the  ZnO,  ty  pically  ot  the  ordei  ot 
1.5  ytm,  computed  to  the  thickness  of  LtNbOi  in  an  airgap 
convolvei,  which  is  of  the  older  of  I mm.  This  implies  that  in 
a storage  device,  where  it  is  necessary  to  apply  a voltage  to  the 
plate  to  produce  a given  field  at  the  suitacc'  of  the  semicon- 
ductor, the  applied  voltages  must  he  ordeis  of  magnitude 
higher  in  an  ai.gap  LiNbO.t  device  than  in  a ZnO  on  Si  device 
Thus,  the  ZnO  on  Si  device  can  lead  to  stoiage  devices  which 
need  relatively  low  applied  Vcdtages  compaied  to  other  con- 
volver devices  where  it  is  icquued  to  eontiol  the  characteristics 
by  exieinal  potentials  applied  to  the  plates 

Manv  ol  the  same  considerations  toi  the  elimination  of  stir- 
UvC  et'e'ets  and  flapping  e'tkcts  which  apply  to  airgap  devices, 
abo  apply  to  the  ZnO  on  Si  devices  lhus  devices  have  been 
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constructed  with  a row  of  Schottky  barriers  laid  down  under- 
neath the  ZnO  layer.  By  growing  a layer  of  sputtered  SiOj 
above  the  Schottky  barriers,  Boulcn  and  Kino,  in  unpublished 
work,  were  able  to  show  that  trapping  effects  could  be  com- 
pletely eliminated  and  no  hysteresis  was  observed  in  the  char- 
acteristics. Furthermore,  by  applying  a pulse  to  the  inetal 
electrode,  the  characteristics  of  a convolver  could  be  changed, 
i.e.,  there  was  Schottky  barrier  storage  with  decay  times  of  as 
much  as  100  ms.  However,  in  this  ease,  the  maximum  voltage 
required  before  saturation  of  the  decay  time  set  in,  was  of  the 
order  of  20  V.  This  should  be  compared  to  Ingebrigtsen's  re- 
sults with  LiNb03  Schottky  barrier  airgap  convolver  where 
the  onset  of  storage  occurs  with  an  applied  dc  voltage  of  the 
order  of  300  V,  a ratio  which  would  be  expected  from  the  di- 
mensions involved  )3S). 

At  the  present  time,  complete  storage  correlation  devices 
have  not  been  made  on  ZnO  on  Si  because  of  the  relative  in- 
efficiency of  these  devices  compared  to  the  augap  convolvers, 
and  hence  their  limited  dynamic  range.  However,  it  has  been 
possible  to  show  that  the  convolution  efficiency  can  be  im- 
proved by  waveguiding,  i.e„  tapering  the  width  of  the  ZnO 
layer  from  1 to  0.1  mm.  This  should  lead  to  an  improvement 
of  20  dll  in  efficiency.  In  fact,  the  improvement  was  10  dB 
because  of  the  additional  losses  due  to  the  tapering.  When 
this  effect  is  taken  into  account,  the  internal  improvement  in 
convolver  efficiency  was  indeed  20  dll  1 501  - 

With  the  demonstration  that  buried  diode  devices  eliminate 
the  trapping  effects  due  to  the  presence  of  ZnO,  one  would 
expect  that  ZnO  on  Si  convolvers  will  become  practical  de- 
vices which  can  be  employed  for  many  of  the  operations  which 
have  already  been  demonstrated  with  airgap  convolvers. 

Another  very  closely  related  approach,  which  has  been 
demonstrated  by  Grudkowski  or  at.  is  to  use  ZnO  on  GaAs 
(44).  In  this  case,  they  only  needed  the  ZnO  in  the  transducer 
region  to  obtain  strong  input  coupling.  In  the  convolver  re- 
gion, a Schottky  battier  was  laid  down  on  the  GaAs  and  they 
employed  the  piezoelectric  coupling  of  the  GaAs  itself.  Such 
convolvers  have  yielded  efficiencies  very  comparable  to  the 
ZnO  on  Si  convolvers,  but  with  extremely  uniform  output 
characteristics,  i.c.,  uniformity  along  the  length  of  the  device 
better  than  any  other  device  known  to  the  author  (44|.  By 
using  a Schottky  banter  deposited  on  the  GaAs  these  authors 
were  also  able  to  obtain  storage  for  several  seconds  of  pulses 
read  into  the  device,  and  read  this  information  out  from  the 
convolver.  The  decay  time  was  extremely  light  sensitive,  and 
so  the  device  could  be  used  for  optical  sensing.  Tins  particular 
approach  is  probably  well  worth  pursuing  as  GaAs  in  relatively 
large  sizes  becomes  more  available. 

IV.  CONt’l  PSIONS 

It  has  been  shown  m this  paper  that  suiface-\va\c  acouslo- 
elccttic  devices  have  reached  a stage  of  development  where 
the>  are  being  tiled  out  in  systems 

The  best  constitutional  technique  presently  employed  is  to 
separate  the  semiconductor  from  the  pieroelectnc  substiate 
with  posts  oi  tails  so  as  to  maintain  the  umfonnily  of  the  air- 
gap  114],  1 1 ? ) Other  techniques,  such  as  the  deposition  of  a 
scmicoildltctoi  on  the  piczoeh vine  substiate  {')),  j.’0|  or 
piczoeloctiis  matenal  on  a semiconductor  |48)-l'I),  aie  be- 
coming practis.il  and  should  lead  to  stable  deuces. 

At  the  present  time,  aes>ustoeleetiic  amplifiers  aie  well 
undeistood  and  their  peiloinianee  can  be  piedtcicd  in  detail 


(91,  (141,(171.  They  provide  the  advantage  of  nonreciprocal 
amplification  and  can,  in  principle,  give  an  increase  in  the 
dynamic  range  of  a long  delay  line.  However,  they  are  not  yet 
sufficiently  developed  to  make  these  advantages  useful  in  rela- 
tively low  loss  delay  line  filters  rather  than  using  external 
amplifiers.  One  application  to  acoustic  convolves  with  in- 
ternal gam  looks  very  promising  (20). 

Acoustic  convolvers  have  the  great  advantage  in  that  it  is 
possible  to  obtain  the  convolution  between  a signal  and  a 
reference  consisting  of  another  signal.  This  means  that  the  de- 
vice configuration  is  relatively  simple  and  docs  not  require 
multiple  taps.  At  the  present  time,  devices  with  a large  dy- 
namic range,  whose  properties  arc  uniform  over  their  length, 
have  been  demonstrated  m the  laboratory  and  arc  beginning  to 
be  tested  in  radar  systems.  Such  devices  have  been  used  as 
programmable  matched  filters  in  spread  spectrum  systems  and 
should  receive  wide  application  in  this  field,  as  well  as  to  radar 
systems  (31  ] , (74) 

The  convolver  principle  has  been  generalized  to  a wide  range 
of  new  applications.  It  has  been  shown  that  the  same  basic 
configuration  which  involves  the  interaction  between  the  semi- 
conductor and  a piezoelectric  substrate  can  be  employed  for 
scanning  of  optical  devices  (421-147).  Because  convolvers  are 
able  to  take  transforms  relatively  simply,  it  is  possible  to  ob- 
tain Fourier  transforms  or  other  spatial  transforms  of  optical 
images  and  reconstruct  them  in  a matched  filter  or  a second 
convolver  146) , |47) . This  technique  should,  in  the  end,  lead 
to  two-dimensional  scanning  devices  capable  of  yielding  arbi- 
tral)’ two-dimensional  spatial  transfoims  of  optical  images. 
There  may  also  be  important  application  to  infrared  imaging, 
because  of  the  wide  range  of  semiconductor  materials  that  can 
be  employed  in  this  application,  and  because  the  type  of 
sensing  involves  using  the  change  in  capacity  of  a junction  or 
depletion  layer  lather  than  a current  readout.  This  type  of 
sensing  is  normally  nondestructive,  i.e.,.  the  image  can  be  lead 
over  and  ovet  again 

A lecent  development  is  the  stoiage  correlator  [321-140]. 
This  device  is  capable  of  storing  a signal  read  into  it  at  rela- 
tively high  bit  Kites,  and  then  taking  the  correlation  of  this 
stored  signal  with  a later  signal  read  into  it.  Such  devices  have 
already  demonstrated  storage  times  of  up  to  IS  seconds  at 
relatively  low  bit  rates  134).  Other  devices  have  demonstrated 
stoiage  of  nanosecond  pulses,  with  stoiage  times  of  the  older 
of  100  ms  1 35).  There  is  good  ptonusc  that  two-dimensional 
forms  of  these  devices  can  be  made  with  storage  densities  of 
the  order  of  I O'  bits/cm2  at  high  input  bit  rates  137). 
l-'ui tliei more,  because  it  is  possible  to  integrate  in  these  de- 
vices, i.c.,  add  several  stoicd  signals  to  each  other,-  a type  of 
holographic  storage  is  feasible,  l'lus  implies  that,,  because  of 
the  transfoim  pioperties  of  eonvolveis,  it  should  be  possible  to 
store  the  signals  in  (lansfonned  foim,  lather  than  directly, 
thus  making  piopemes  of  an  individual  element  of  the  device 
somewhat  less  critical  than  in  a duect  storage  device. 

Recently,  the  convolver  piuKtplo  has  been  used  m tapped  de- 
lay lines  and  external  mixeis  and  mtcgratois  |<>3|-[(>5), 
l OS),  )(>')).  Such  eonvolvets  have  excellent  sensitivity.  An 
application  of  these  techniques  is  to  the  electronic  tocusing 
and  imaging  of  bulk  acoustic  waves.  This  pi  maple  has  im- 
poitant  applications  m mimics!  met  tv  e testing,  medical  imaging, 
and  sonai,  and  could  be  gcncialircd  foi  use  in  phased  an  ay 
i.ul.ir,  high  ftequency  acoustic  imaging,  and  foe using  and  scan- 
ning of  optu  ,il  images  |t>  7) . 
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The  constructional  techniques  that  have  been  developed  arc 
useful  not  only  for  acoustic  devices  themselves,  but  now  it  is 
possible  to  construct  other  types  of  semiconductor  devices  on 
the  semiconducting  substrate  (48|,  Dy  using  either  GaAs  for 
u.c  acoustic  devices  or  Si  with  ZnO  overlay,  it  should  be  possi- 
ble to  construct  a wide  range  of  acoustic  amplifiers,  oscillators, 
and  delay  line  filters  on  the  same  substrate  as  the  other  semi- 
conductor devices  typically  needed  in  a complete  system. 

It  is  apparent  that  acoustoelcctric  interactions  in  acoustic 
surface  wave  devices  have  a wide  range  of  applications.  Many 
of  the  possibilities  are  described  in  this  paper  As  the  devices 
are  developed,  new  ones  will  no  doubt  be  found  with  applica- 
tion to  radar,  sonar,  acoustic  and  optical  image  processing, 
and  to  signal  processing  in  communication  systems. 
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Study  of  Acoustic  Wave  Resonance  in  Piezoelectric 

PVF2  Film 

l.E  N.  BUI,  HERBERT  J.  SHAW,  fellow,  ieee,  and  LOUIS  T.  ZITELL1.  member,  ii.h-. 


Abstract -Meisutetnenit  have  been  made  of  the  acoustic  loss  factor 
and  piezoelectric  coupling  coefficient  of  poled  polyvinylidene  fluoride 
(PVFj)  plastic  polymer  films  which  are  of  interest  for  high-frequency 
ultrasonic  applications.  A theory  for  piezoelectric  resonance  in  unsup- 
ported films  was  developed  for  interpretation  of  the  measurements. 
Unloaded  acoustic  Q of  approximately  14  has  been  observed  at  fre- 
quencies of  41  and  21.5  MHz  for  films  of  25  and  50ft  thickness, 
respectively. 

I.  Introduction 

IT  HAS  BEEN  shown  by  a number  of  authors  ( 1 1 , (2j  that 
polyvinylidene  fluoride  (PVF3)'  polymer  plastic  films  can 
be  rendered  relatively  strongly  piezoelectric  by  a sunple  poling 
process,  opening  the  way  to  new  possibilities  for  the  design  o. 
inexpensive  ultrasonic  transducers.  The  piezoelectric  coupling 
constant  and  the  acoustic  loss  factor  of  PVF2  were  determined 
by  measurements  of  the  components  of  the  electrical  imped- 
ance about  acoustic  resonance.  Film  samples  were  approxi- 
mately 25  p and  SO  p thick  and  had  evaporated  conducting 
electrodes  on  the  film  faces.  The  thickness  dilatanonal  vibra- 
tion mode  was  employed,  which  is  of  interest  tor  high- 
frequency  transducers. 

We  have  found  that  the  properties  of  PVF2  lead  to  piezo- 
electric resonance  curves  having  different  characteristics  than 
those  of  the  more  familiar  ceramic  materials  such  as  PZT  As  a 
result,  standard  methods  for  measuring  acoustic  loss  factor  Q 
for  the  latter  materials,  involving  the  simple  measurement  of 
series  and  parallel  resonances,  are  not  applicable  to  PVF2 . We 
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have  developed  the  piezoelectric  resonator  theory  appropriate 
for  the  ranges  of  piezoelectric  coupling  factor  k]  and  acoustic 
Q of  PVF2 , and  have  used  a comparison  of  theoretical  and  ex- 
perimental response  curves  in  obtaining  quantitative  measure- 
ments of  these  qualities. 

II.  Theory 

The  theory  of  thin  film  microwave  acoustic  transducers  for 
volume  wave  excitation  has  been  covered  extensively  in  the 
literature  [3] , |4] . However,  in  those  treatments,  the  acoustic 
loss  in  the  transducer  is  assumed  small  enough  to  be  neglected, 
and  the  transducer  element  is  considered  in  conjunction  with 
an  acoustic  substrate  into  which  acoustic  energy  generated  by 
the  transducer  is  radiated.  He:e.  we  formulate  a one-dimen- 
sional  model  ol  a transducer  including  internal  acoustic  loss. 

We  work  with  acoustically  unloaded  transducers,  without  a 
substrate.  Using  this  model,  quantitative  predictions  can  be 
made  for  Q and  k)  which  can  be  checked  experimentally 
through  simple  impedance  measurements. 

We  consider  a piezoelectric  resonator  configuration  consist- 
ing of  a plate  oi  film  of  piezoelectric  material  with  conducting 
electrodes  on  both  faces.  It  can  be  made  to  vibrate  in  one  or 
more  acoustic  modes  by  application  of  a harmonic  voltage 
across  the  two  electrodes.  The  lateral  dimensions  of  the  reso- 
nator are  assumed  to  be  large  compared  to  both  its  thickness 
and  the  acoustic  wavelength.  The  sample  orientation  is  chosen 
such  that  the  resonator  is  excited  in  the  thickness  vibrational 
mode  only.  We  d.stuiv  ii  ac  the  electrode  layers  are  acousti- 
cally thm.  so  as  not  to  loan  the  transducer 

Using  the  piezoelectric  equations,  equations  of  motion,  elec- 
trical circuit  equations,  and  boundary  conditions,  we  derive 
the  plane  wave  piezoelectric  impedance  matrix  for  the  resona- 
tor Interna!  acoustic  loss  is  accounted  for  by  introducing,  in 
the  expression  for  elastic  stress,  a term  proportion  t o/S/Q. 
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Fig.  1.  Charge  integration  technique  used  to  detect  piezoelectricity  in 
poled  PVFj  films. 

where  S is  the  strain  and  Q is  the  acoustic  Q of  the  piezoelec- 
tric material  defined  as  the  ratio  of  acoustic  energy  stored  to 
the  acoustic  energy  lost  per  radian.  We  then  calculate  the  elec- 
trical input  impedance  of  the  resonator,  expressing  the  result 
in  terms  of  an  equivalent  electrical  series  circuit.  Further  de- 
tails on  the  derivation  are  shown  in  the  Appendix. 

The  electrical  impedance  curves  for  the  resonator  are  strong 
functions  of  Q in  the  vicinity  of  resonance,  and  curve  fitting  of 
experimental  impedance  values  with  theoretical  curves  allows 
determination  of  Q and  the  piezoelectric  coupling  constant  A? 
for  the  piezoelectric  material,  which  is  defined  as  the  ratio  of 
electrical  energy  at  the  output  to  the  total  input  mechanical 
energy. 

III.  Experiment 

PVFj  films  exhibit  relatively  strong  piezoelectricity  when 
stretched,  polarized  under  a relatively  high  dc  field  Ep  at  a 
moderate  temperature  Tp , and  then  cooled  to  room  tempera- 
ture with  the  dc  field  on.  The  piezoelectricity  obtained  de- 
pends on  Ep,  Tp,  and  the  poling  time.  The  origin  of  the  piezo- 
electricity is  not  yet  fully  understood,  although  it  is  thought 
that  the  poling  process  increases  true  and/or  polarization 
charges  in  the  film  through  three  kinds  of  process,  namely, 
injection  of  homocharge  from  the  electrode,  dipole  orientation 
in  the  film,  and  true  charge  separation  in  the  film. 

For  the  present  experiments,  we  prepared  samples  by  first 
evaporating  chrome-gold  electrodes  of  ~ 1000  A thickness  on 
both  surfaces  of  PVFj  films.  The  masses  of  the  Cr-Au  elec- 
trodes are  4%  and  8%  of  the  masses  of  the  polymer  films  with 
thicknesses  of  50  y and  25  p,  respectively.  The  effects  of  these 
mass  loadings  are  to  decrease  the  resonant  frequencies  slightly ; 
however,  in  the  quantities  of  primary  interest  to  us,  Aj  and  Q, 
these  effects  are  small  compared  to  the  accuracy  of  measure- 
ment. The  films  were  used  as  received  from  the  manufacturer 
[5] , and  were  not  subjected  to  additional  stretching.  They 
were  then  poled  using  a dc  field  Ep  > 500  kV/cm  for  2 to  3 h 
in  an  oil  bath  at  elevated  temperature  T>  80°C. 

After  poling,  we  use  the  integrating  circuit  shown  in  Fig.  1 to 
test  for  the  direct  piezoelectric  effect  m the  PVFj  film.  A 
stress  applied  to  the  film  gives  rise  to  an  open  circuit  voltage 
across  the  electrodes  on  the  film.  Charge  developed  on  the 
electrodes  is  integrated  by  the  circuit  shown  and  displayed  as  a 
dc  output  voltage.  While  the  device  of  Fig.  1 could  be  used  to 
measure  piezoelectric  constants  quantitatively,  we  have  not 
carried  out  the  necessary  calibration  procedures  for  using  it  in 
this  way.  However,  we  find  it  useful  as  a qualitative  check  on 


Fig,  2.  Acoustically  generated  absolute  electrical  impedance  of  un- 


loaded PVI;2  resonator  (—25  pm ). 


Fig  3 Phase  of  electrical  impedance  of  unloaded  PVFj  resonator 
(=-25  am). 

the  poling  process.  In  all  cases,  the  quantitative  evaluation  of 
k]  is  carried  out  by  means  of  electrical  impedance  measure- 
ments, as  described  below. 

Fig.  2-5  are  examples  of  matched  theoretical  and  experi- 
mental curves  of  absolute  value  and  phase  of  the  electrical 
input  impedance  as  functions  of  frequency  for  poled  films  of 
25  n and  50  p thickness. 

It  is  important  that  the  parameters  of  the  electrical  circuit, 
namely,  the  lead  inductance  and  the  conduction  loss  of  the 
electrodes,  be  measured  carefully  and  properly  accounted  for 
before  any  comparison  of  theory  and  experiment  is  made. 
Contact  impedance  may  be  larger  than  the  transducer  loss  im- 
pedance for  resonators  of  moderate  coupling  constant.  Values 
of  Q and  A?  obtained  from  these  curves  are  shown  in  Table  I. 

Since  both  Q and  A { are  unknown  quantities  to  start  with, 
the  direct  curve  fitting  of  experimental  impedance  values  with 
theoretical  curves  requires  that  one  deals  simultaneously  with 
two  variables  This  lengthy  process  of  quantitatively  determin- 
ing Q and  Aj  is  greatly  facilitated  if  v>e  use  an  approximation 
which  allows  us  to  obta'ii  one  unknown  independently  of  the 
other  Our  one-dimensional  model  of  a lossy  resonator  shows 
that  near  resonance  the  ratio  of  the  acoustic  reactance  ,Vt,  to 
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Fig.  4.  Acoustically  generated  absolute  electrical  Impedance  of  un- 
loaded PVFj  resonator  (=50  pm). 


Fig,  5.  Phase  angle  of  electrical  impedance  of  unloaded  PVFj  resonator 
(=50  urn). 

the  acoustic  resistance  Ra  plotted  as  a function  of  frequency 
normalized  lo  the  thickness  resonance  frequency  is  a straight 
line.  The  acoustic  Q can  be  readily  determined  from  the  slope 
of  the  straight  line  with  Q being  equal  to  half  the  slope.  Figs.  6 
and  7 show  that  this  method  predicts  a Q of  Id, 8,  whereas  all 
the  theoretical  curves  in  Figs.  2-5  were  computed  with  a Q of 
14  for  25  gi  film  and  13  for  50  p urn.  The  discrepancy  be- 
tween the  two  methods  is  less  than  six  peicent. 

IV,  Discussion 

An  absolute-admittance  method,  sometimes  called  the  two- 
frequency  method,  has  been  widely  used  for  determining  the 
properties  of  piezoelectric  materials  This  method  uses  a paral 
lei  equivalent  circuit  for  a piezoelectric  resonator  described  by 
Van  Dyke  [6|  which  consists  of  the  seiies  connection  of  an 
inductance  / . a capacitance  and  a resistance  R,  in  parallel 
with  a second  capacitance  CV  The  scries  resonance  of  the 
resonator,  which  corresponds  to  maximum  admittance,  is 
modeled  by  the  resonance  of  the  /.C’ circuit,  while  the  parallel 
resonance,  which  corresponds  to  minimum  admittance,  is  mod 
eled  by  the  l.C0  circuit  The  populanty  of  the  method  stems 
from  its  simplicity , where  a complete  evaluation  of  the  equiva 


TABLE  I 

Measured  Acoustic  Properties  of  PFV-  Film 
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Fig.  6.  Determination  of  acoustic  Oa  independently  of 


lent  circuit  constants  requires  only  the  measurement  of  the 
maximum  absolute  admittance,  the  minimum  absolute  admit- 
tance, the  frequency  of  maximum  absolute  admittance,  and 
the  frequency  of  minimum  absolute  admittance.  This  method 
is  highly  accurate  for  resonators  of  high  Q (Q  > 1000)  and  rel- 
atively high  Qkj  product  (50  > Qk } > 10)  such  as  quartz. 
Martin  (7)  has  extended  the  range  of  this  method  to  include 
resonators  of  moderately  low  Q ((7  > 100)  and  moderately  low 
Qkj  product.  (5  >Qk}  > 1)  such  as  barium  titanate.  by  de- 
living  a new  set  of  equations  that  improve  the  accuracy  of 
detei mining  lesonator  parameters  from  the  same  four  mea- 
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sured  quantities,  However,  PVFj  has  a lower  Qkj  ptoduct 
(Qk*  < 0.25),  and  for  this  case  we  have  found  that  the  above 
methods  result  in  substantial  errors  in  determining  and  Q. 

When  first  working  with  PVFj . with  its  Q unknown,  we  at- 
tempted to  use  the  two-frequency  methods  for  initial  estimates 
and  encountered  inconsistencies.  After  applying  the  curve  fit- 
ting process  described  above,  it  became  appaient  that  the  Qk* 
range  for  PVFj  lies  outside  of  the  applicable  ranges  of  the  two- 
frequency  methods.  The  quantitative  errois  which  result  from 
applying  the  two-fiequency  method  to  materials  of  low  (Jkj 
product  are  shown  in  Table  II 

Since  completing  our  work,  we  find  that  Olngashi  [8|  has 
concurrently  and  independently  made  accuiate  measurements 
of  Q and  k]  for  PVFj . He  has  used  the  parallel  equivalent 
circuit  of  the  resonator  |b| . but  m contiast  with  the  two- 
frequency  method,  he  carried  out  the  measurment  over  a 
large  frequency  range.  He  then  varied  the  paiameters  R , I..C. 
and  C'o  of  the  equivalent  circuit  to  obtain  the  best  theoretical 
fit  ot  the  admittance  curve  to  the  experimental  data  points. 

The  and  kj  weie  then  obtained  from  the  parameters  of  the 
equivalent  circuit. 

Comparing  the  parallel  equivalent  circuit  with  otu  series  cu- 
cuit  (described  m the  Appendix),  they  aie  found  to  give  the 
same  theoretical  fit  to  the  expei iinenta!  PVFj  cunes.  How- 
ever, we  believed  the  series  model  to  be  more  convenient  to 
use  because  it  offers  the  possibility  of  deteiminmg  (J  indepen- 
dently of  A ? , w hich  is  of  value  if  these  two  quantities  happen 
to  be  unknown,  as  is  usually  the  case  with  newly  discovered 
materials. 

Our  measured  values  foi  the  coupling  coefficient  k,  aie  less 
than  the  largest  value  leported  |8|  foi  PVFj . which  is  20  per- 
cent. We  believe  this  diffeiencc  results  fiom  using  kwei  poling 
voltage  and  low  poling  temperatuie.  This  is  consistent  with 
the  fact  that  our  k,  foi  50  pm  film  is  slightly  gieatei  than  that 
obtained  by  Ohigasln,  wlieie  oui  poling  voltage  was  slightly 
higher. 

We  have  consistently  obtained  larger  values  ot  <J  than  those 
obtained  by  Ohigasln  ( 14  as  compared  to  '>)  These  values  of 
<J  aie  constant  for  diffeient  samples  and  different  thicknesses 


One  explanation  is  concerned  with  possible  structural  differ- 
ences in  the  films.  We  used  oriented  films  directly  as  received 
fiom  Kureha  Co.,  while  Olngashi  started  with  unoriented 
sheets  and  uniaxially  stretched  them,  and  the  stretching  condi- 
tions may  have  been  different. 

ATI'KNOIX 

Analysis  ok  an  Unloadid  and  Lossy 
Pik/ol i eotrio  Resonator 

We  give  heie  a derivation  of  the  series  equivalent  circuit  for  a 
lossy  piezoelectric  fiee  resonator.  We  assume  that  the  lateral 
dimensions  of  the  resonator  aie  large  compared  to  its  thickness 
so  that  a one-dimensional  analysis  can  be  made,  and  that  the 
electrode  layers  are  acoustically  thin,  so  as  not  to  load  the  res- 
onator We  show  in  Fig.  8 the  one-dimensional  resonator  with 
its  associated  electrical  and  acoustic  variables  upon  which  our 
derivation  of  the  electrical  series  cqu.valeui  circuit  are  based 
|v>)  The  equations  necessary  for  'he  derivation  of  the  equiva- 
lent circuit  a given  below. 
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Fig.  8.  Electrical  and  acoustic  terminal  variables  of  thin  transducer. 


Assuming  small  acoustic  losses 


(3M 

we  find 

. wry 

( 1 

> \l/1 

(17) 

P*Pa=<*>(p 

’) 

(18) 

The  total  current  through  the  transducer  is 

h (9) 

Since  current  is  conserved,  D must  be  uniform  with  z(30/dz  = 
0).  The  voltage  across  the  transducer  is 


We  derive  the  plane  wave  equation  for  the  lossy  resonator  by 
modifying  one  of  the  two  standard  linear  piezoelectric  equa- 
tions that  relate  stress  T , displacement  current  D , strain  S,  and 
electric  field  E.  To  account  for  internal  acoustic  losses,  a new 
term  is  added  to  the  stress  equation  (1),  which  then  becomes 

T = ck S + jtotfS  - eE  (It) 

where  /wry  represents  acoustic  damping  [9| . From  (2)  we  ex- 
press E in  terms  of  D and  S.  We  substitute  that  result  into 
(11),  which  then  becomes 

T=(cn  + /cot))5  - — ^ (12) 

e 


where 


where  is  the  stiffened  elastic  constant  and  e is  the  piezo- 
electric coefficient.  Next  using  the  two  acoustic  equations,  (7) 
and  (8),  and  (12),  the  following  wave  equation  for  the  medium 
is  obtained. 


33e  co3p 

— . — v = o 

dz3  cw+/cory 


(14) 


where  p is  the  density  and  i>  is  the  particle  velocity,  The  above 
equation  has  a complex  wave  propagation  constant  y = o + /'0 
as  expected  for  plane  wave  propagation  m a lossy  medium. 
Solutions  to  the  wave  equation  are  of  the  form 

u = .4  cos  yz  + B sin  yz  (15) 

where 

y3  = (0  - /a)3  = + ~jr~~  (lb) 

C + /COI( 


where  ft,  is  the  wavenumber  in  the  lossless  case.  The  acoustic 
Q of  the  lossy  resonator  can  be  conveniently  expressed  in  terms 
terms  of  the  attenuation  constant  a and  the  propagation  con- 
stant 0 as 


Q 


£ _cf_ 

2a  tory' 


(19) 


We  solve  the  wave  equation  in  terms  of  the  particle  velocities 
u,  and  v}  using  rhe  boundary  conditions  of  continuity  of  ve- 
locity (5)  and  (6)  and  obtain 


v ~ 


e,  sin  y(t  - z)  - t>3  sin  yz 
sin  yt 


(20) 


We  substitute  (20)  back  into  (8),  (1 2),  and  the  two  boundary 
conditions  of  continuity  of  force  (3),  (4).  One  can  character- 
ize the  acoustic  resonator  as  a three-port  network  by  express- 
ing the  two  acoustic  port  variables  /•', , /•’ j , and  the  electrical 
voltage  l7j  in  terms  of  u, , uj , and  / 3 . 

The  electroacoustic  properties  of  the  piezoelectric  transduce! 
can  then  be  described  by  the  following  3 X 3 matrix: 


8 coth  yt 

8 csch  yt 

It  ~ 

(.0 

8 csch  yt 

8 coth  yt 

It 

10 

h 

h 

1 

10 

to 

cof'o 

where  8 = .•!/<,  (I  +/|  1/(2(3)| ),  h = «7f‘v  is  the  piezoelectric 
constant.  C0  = e‘v.4/r  is  the  clamped  capacitance  of  the  piezo- 
electric transducer,  and  /.0  = (cnif)loo  is  the  acoustic  imped- 
ance. The  impedance  matrix  of  (21 ) teduecs  to  the  mote  fa- 
miliar lossless  case  if  we  set  a equal  to  zero,  l ive  above 
impedance  matrix  enables  us  to  deteimine  the  electncal  equiv- 
alent circuit  of  any  lossy  iiansducet  by  solving  foi  l'j  II } with 
the  appropuate  acoustic  terminations  /•',  and  It  the  turns- 
ducet  is  loaded  on  both  sides,  then  /•',  and  h\  take  on  finite 
values  that  aie  proportional  to  the  acoustic  impedances  ot 
their  respective  loads  (3|  In  our  case  where  we  are  working 
with  unloaded  tiansduceis,  we  set  E{  = h\  = 0 and  solve  toi 
the  electrical  impedance  Z,\  = l*3//  3.  We  expiess  coth  yrand 
csch  yt  m terms  of  cosh  or,  cos  0r.  sinh  or  and  cos  (ft.  with  o 
related  to  0 and  Q through  (lb).  We  expand  cosh  or  and  sin 
sittli  or  to  the  first  order  of  or  The  results  show  that  the  elec 
trical  behavior  of  a free  piezoelectric  resonatoi  can  be  charac 
tenzed  by  a circuit  consisting  of  the  total  electiode  capaci 
lance  C0  m series  with  an  acoustic  loss  resistance  Kj  and  an 
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acoustic  reactance  Xa.  The  expressions  for  Ra  and  Xa  are 


*«=£«  H,(d) 


A _ 8*?  Q 

* W0  C0  IT1 


n(6  + sin  0) 


H0(8)  = 


'6e'((',(4J)“S’2*(4)’“!2 

se  ((' + (4)1'“'  r {hi  ■"''?) 


where  fcj  3 ( e\3)l(cDe3i ),  0 = rr (w/w0)  is  the  normalized  fre- 
quency, and  w0  = ( vlt)(c°lp)lli  is  the  half-wave  resonant  fre- 
quency. Both  Ra  and  Xa  are  functions  of  frequency  and  of 
the  acoustic  Q of  the  piezoelectric  material.  R„  attains  its 
maximum  value  near  the  center  frequency  /0,  while  X„  be- 
comes negative  for  a frequency  greater  than  /0  and  positive  for 
a frequency  less  than/0. 

All  of  our  impedance  measurements  were  done  at  room  tem- 
perature using  a Hewlett-Packard  model  481 S-A  RF  vector 


impedance  meter.  The  total  electrode  capacitance  C0  was 
determined  from  measurements  at  frequencies  far  from  reso- 
nance. Next,  the  coupling  constant  k)  and  the  quality  factor 
Q were  used  as  adjustable  parameters  to  get  the  best  theoreti- 
cal curve  fit  to  the  experimental  data  points.  This  process  of 
choosing  two  variables  at  the  same  time  is  tedious.  Examina- 
tion of  the  behavior  of  the  resonator  near  resonance  offers  us  a 
new  method  for  determining  Q independently  of  k , . In  (26), 
0/( 4Q2)  is  negligible  with  respect  to  sin  0.  We  take  the  ratio  of 
X„  to  Ra  and  expand  it  around  resonance: 

^2  = 2a-^-s-2Q6  (27) 

Ra  6 + sin  0 ^ y ’ 

where  0 = rr(l  + 5).  Thus  Q can  be  conveniently  detennined 
from  the  slope  of  the  ratio  of  Xa  to  Ra  near  resonance. 
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EXPERIMENTAL  BROADBAND 
ULTRASONIC  TRANSDUCERS  USING  PVF, 
PIEZOELECTRIC  FILM 

liulexinp  team:  Pie:otlectric  tranulm  er\.  Thir.-fjlm  del  ices 


Broadband  ultrasonic  transducers  using  PVF,  piezoelectric 
plastics  dims,  combining  efficient  transduction  with  extremely 
wide  and  uniform  passbands.  have  been  fabricated  using  very- 
simple  procedures  without  any  critical  tolerances.  Frequency 
spectra  of  impulsed  transducers  using  films  of  25  and  SO/im 
thickness,  centred  at  10  and  5 MHz.  respectively,  are  shown. 

Introduction : Broadband  ultrasonic  transducers  are  important 
for  a variety  of  purposes,  including  signal  processing  where 
large  bandwidth  is  needed  for  high  data  rates,  time-domain 
spectrometry  where  large  bandwidth  is  needed  to  handle 
short  pulses,  and  ultrasonic  imaging  where  operation  over  a 
range  of  frequencies  is  necessary  for  obtaining  optimum 
response  from  a variety  of  objects.  We  find  that  very 
broadband  transducers  can  be  easily  constructed  using  poled 
PVF,  films.1  using  procedures  which  ate  much  simpler 
than  those  involved  m the  construction  of  standard  types 
using  pz.t.  ceramic  elements,  and  having  bandpass  charac- 
teristics which  are  broader  and  more  uniform  than  com- 
mercial p.z.t.  transducers. 


Description  of  experimental  transducers.  The  new  transducer 
were  formed  by  epoxy  bonding  a small  piece  of  poled  PVT. 
film  to  a brass  rod.  A sketch  of  a typical  unit  is  shown 
in  Fig.  In.  The  brass  rod  serves  as  an  acoustic  hacking,  which 
acoustically  loads  the  back  side  of  the  PVF,  film,  as  well  as 
providing  mechanical  support  for  the  film  The  brass  rods  for 
the  present  transducers  are  25  4 mm  in  diameter,  of  arbitrary 
length  and  serve  as  a convenient  handle  for  holding  and 
positioning  the  transducer.  Available  tiansducer  thicknesses 
of  both  25  and  50  /an  vvete  used  to  radiate  rectangular  acoustic 
beams  of  the  approximate  dimensions  6 4 s 14  2 mm.  The 
choice  of  the  rectangular  shape  in  this  case  was 
arbitrary  and  a change  to  any  other  shape  would  tepiesent 
only  a tiivial  modification. 


Measured  transduce i elturaciensius  F.xpeiimental  models  of 
the  above  transducers  have  been  operated  in  water,  in  both 
reflection  and  transmission  modes,  to  determine  bandwidth 
and  insertion  loss.  In  this  operation,  the  device  of  Fig.  lu  is 
simply  submerged  directly  in  the  water  tank,  without  any 
covering  over  the  PVF,  surface.  Passband  characteristics 
were  determined  by  impulsing  the  transmitting  transducer, 
and  observing  the  output  of  the  receiving  transducer  on  a 
spectrum  analyser.  In  the  transmission  mode,  separate 
transducers  were  used  for  transmitting  and  leccivmg  with 
sufficiently  close  spacing  (25.4  mm)  to  avoid  effects  of 
diffraction  and  water  attenuation.  In  the  reflex tion  movie, 
a single  transducer  performed  as  both  tiansnutter  and 
receiver,  with  the  acoustic  beam  icliectcd  from  a glass  surface 
located  12-7  mm  from  the  tiansducci. 
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A block  diagram  of  the  experimental  setup  is  shown  in 
Fig.  16  for  transmission-mode  measurements.  The  system  uses 
a standard  Panantetrics  Model  5052  PR  unit-  which  delivers 
a very  short  electrical  pulse  to  energise  the  transmitting 
transducer.  The  spectrum  of  the  excitation  pulse  was  observed 
on  the  spectrum  analyser  and  found  to  be  essentially  flat 
between  d.c.  and  20  MHz.  An  electronic  gate  selects  the 
desired  echo  from  the  output  of  the  receiving  transducer, 
separating  it  from  the  direct  electromagnetic  feedthrough 
pulse  and  other  pulses  in  the  multiply  reflected  aeoustic 
pulse  train.  The  selected  echo  is  amplified  and.  along  with  the 
gate  pulse,  displayed  on  a 2-channel  oscilloscope,  and  the 
spectrum  of  the  echo  is  displayed  on  a spectrum  analyser. 

The  spectra  of  the  first  echo  for  various  transducers  arc 
shown  in  Fig.  2.  The  spectrum  of  a commercial  14  MHz 
transducer  (Fig.  2a)  is  shown  for  purposes  of  comparison. 
The  response  of  the  25  //m  PVF,  transducers  ( Fig,  2 />)  is  essen- 
tially flat  from  zero  frequency  to  20  MHz.  The  response  of 
the  50 /tin  PVF,  transducers  (Fig.  2c)  is  flat  within  10 dB 
from  I to  10  MHz.  These  are  'round-trip'  spectra,  i.c.  the 
spectra  of  the  pulses  after  experiencing  two  transductions. 
The  round-trip  insertion  loss  has  the  same  order  ol  magnitude 
as  the  commercial  p.z.t.  unit  of  Fig.  2a. 

The  lateral  dimensions  of  the  PV1-,  films  are  huge  com- 
pared with  their  thickness,  so  that  the  films  vibiate  m the 
thickness  cxtcnsional  mode.  Howcvei,  the  observed  thickness 
resonance  frequencies  correspond  appioxunately  to  quarter- 
wave  film  thickness,  rathci  than  halfwave  thickness  as  for 
unloaded  PVF,  lesonatois.1, 4 because  the  impedance  ol  the 
hacking  material  is  grcatci  than  .hat  of  the  transducer.  The 
ratio  of  the  acoustic  impedance  of  the  brass  backing  to  that 
of  PVF,  is  approximately  II,  and  a ratio  greatei  than  about 
I -4  is  sufficient  to  shift  the  resonance  frequency  down  to  the 
vicinity  of  the  quarter-wave  frequency.'  The  quarter-wave 
frequencies  cannot  be  obtained  aceuiatcly  fiom  the  spectra 
of  Fig.  2 because  the  thickness  of  the  adhesive  bond  is  not 
accurately  known.  However,  it  is  comparable  to  that  of  the 
PVF,  film,  and,  in  any  event,  its  effect  would  lie  to  shift  the 
resonance  frequency  furthci  downward,  to  loss  than  half  the 
frequencies  of  unloaded  films,  and  this  is  xonsistent  with  the 
results  of  Fig.  2. 


Fia.  2 Measured  transducer  characteristics 

>i  Spectrum  ot  tw  t tiamxhuci 
t*  Spcciium  ot  mu  t*V  I : lunuKhTi 
< Spectrum  ot  <0/*m  l*\  I » tranvluvci 
t / Impulse  tesponvr  ot  '0  «<m  l*\  I : uamuluxci 


Analysis  of  the  transient  response  of  a ttunsducct  mav  he 
based  on  the  assumption  that,  if  an  elcviiic.il  impulse  is 
applied,  four  ultrasonic  pulses  .tie  geneiated.  two  at  each 
face.'’  For  each  of  these  two  pans  of  stiess  waves,  one  of  the 
waves  navels  into  the  tiansducci  ,ut,l  the  otltei  navels  into 
eithci  the  water  loading  ot  the  backing  medium  dig.  <> 
Fite  icsultmg  two  pulses  within  the  nansducei  navel  hack- 
waivls  and  foivvards  and  ate  teflected  and  naitsmitted  at  the 
transducei  faces  The  degree  ol  tvflcctum  depends  on  the 
chatuclctistic  imivedanees  of  the  tiansducci.  the  loading  and 
the  backing  medium.  With  out  nansducei  contigiuanon  of 
biass  P\  I ; vvatei.  the  pulse  geneiated  at  the  P\  I ■ w.itet 
inteilace  and  tiavelhng  into  the  tiansducci  is  appioximatclv 
ten  times  laigei  in  magnitude  than  the  vonosponding  pulse 
geneiated  at  the  brass  PX  I . mteilaee  (because  ol  the  lugh 
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impedance  of  brass  relative  to  PVFj).  Thus  the  output  stress 
consists  essentially  of  two  stress  waves,  one  launched  from  the 
front  face  directly  into  the  water  and  the  other  launched  from 
the  front  face  into  the  backing  and  reflected  from  the  back 
face  into  the  water.  The  latter  wave  suffers  little  reflection  at 
the  PVFj-water  interface,  because  the  acoustic  impedances 
of  PVFj  and  water  are  relatively  close.  The  two  stress  waves 
arc  separated  by  the  round-trip  time  in  the  transducer.  This 
pair  of  stress  waves  is  detected  by  a second  transducer  of  the 
same  thickness  as  the  transmitting  transducer  as  a bipolar 
pulse  (Fig.  2d).  The  fact  that  the  detected  pulse  is  approxi- 
mately bipolar  indicates  that  acoustic  energy  generated 
within  the  PVFj  transducer  is  efficiently  coupled  to  water. 
Had  it  been  otherwise,  the  detected  pulse  would  have  many 
cycles,  owing  to  multiple  reflections  inside  the  transducer, 
brass  PVFj.  water 
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Fig.  3 Physical  interpretation  of  response  of  piezoelectric 
transducer  to  electrical-impulse  input 


This  is  consistent  with  other  measurements" * nude  on 
PVF2t  which  show  that  the  acoustic  impedance  of  PVF.  is 
close  to  that  of  water,  as  shown  in  Fig.  3.  This  is  important 
in  providing  the  clean  pulse  shown  in  Fig.  2d.  in  contributing 
to  the  very  broad  bandwidth  of  the  transducer  and  in  com- 
pensating for  the  lower  piezoelectric  coupling  coefficient  of 
PVFj  compared  with  that  of  p.z.t.,  thus  maintaining  high 
transducer  efficiency. 


Acknowledgment:  This  work  was  supported  by  the  US  Office 
of  Naval  Research  under  Contract  N00014-75-C-0632. 


L.  BUI 
H.  J.  SHAW 
L.  T.  ZITELL1 


29th  June  1976 


«±  * stress  /mm  input  \oltagc 

fi  rclamc  characterisin'  acoustic  impedance 


II'.  IK  Hansen  Laboratories  ol  Physics 
Stanford  University 
Stanford.  CaliJ.  94305.  USA 

References 

I kavvai.  ii  : Japan.  J Appl.  I‘ln\..  1965.  8,  p.  975 

7 MURAYAMA.  V.  NAKAMURA,  K.  OHARA.  II.  llllll  M(,\\\\.  M.l 

Uhrawmc\,  1976.  14,  p 15 

5 inn.  i..  Shaw,  hi.  and  /mi  1 1. 1 . t.:  'Study  of  acoustic  resonance  in 
piezoelectric  I'VF.  Him'.  Udivard  L,  Ciin/ton  Laboratory  Report 
2570,  Stanford  University.  1976 

4 oim.ASllt.  ii.:  J.  Ar>i>l.  /'/in.,  1976,  47,  p.  949 

5 KiitHR.  I.  si.,  and  winsiow,  t>,  k : //.'/.'/  hum..  1969  MIT-17, 
p.  927 

6 ciRiK.  i.  c : IKH  .4.  I9J6.  1*1  9.  p 61 


I 


i 


l 


» 


j 

{ 

I 


i 

3 

5 


Correlation  with  the  storage  convolver* 

P.  Q.  Borden  and  G.  S.  Kino 

Stanford  University,  Stanford,  California.  94305 
(Received  28  June  1976) 

A p-n  junction  type  storage  convolver  has  been  used  to  correlate  FM  chirps  with  time-bandwidth 
products  of  approximately  90,  and  to  correlate  echoes  rrom  an  acoustic  A -scan  system  which  have  been 
badly  distorted  by  the  source  transducer. 


PACS  numbers:  43.60. + d.  43.85. + f,  72.50  +b 

Recently,  it  has  been  suggested  by  Stern1  that  the 
storage  correlator  based  on  the  acoustic  surface  wave 
convolver  could  be  used  to  remove  the  inherent  distor- 
tions in  a radar  system.  When  a radar  emits  a coded 
waveform  and  the  reflected  echo  is  correlated  with  the 
original  reference  code,  good  correlation  is  only  ob- 
ta.ned  If  the  emitted  waveform  is  not  distorted  by  the 
system  or  the  medium  through  which  it  passes.  Thus, 
with  the  development  of  more  sophisticated  systems 
with  large  time -bandwidth  products,  the  requirement  on 
the  radar  system  itself  becomes  very  severe,  as  do  the 
requirements  on  the  lack  of  signal  dictortion  along  the 
path  of  the  radar  beam.  Similar  problems  occur  in 
acoustic  pulse  echo  systems  used  in  medical  Imaging, 
sonar,  and  nondestructive  testing,  where  distortions 
due  to  the  acoustic  transducers  and  the  medium  itself 
can  be  severe. 

In  this  paper  we  describe  an  experiment  using  a stor- 
age correlator  to  remove  the  worst  errors  of  this  type. 
We  employed  an  acoustic  transducer  to  emit  an  FM 
chirp  which  was  reflected  from  a plastic  plate  in  a 
water  tank.  The  reflected  echo  was  used  as  a reference 
stored  in  the  storage  correlator  A later  echo  was  then 
correlated  with  the  reference  echo.  Thus,  both  echoes 
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suffered  the  same  distortion  and  a reasonable  correla- 
tion peak  could  be  obtained 

Our  experiment  employed  the  V-groove  isolated  />-» 
junction  mesa  diode  array  airgap  convolver  described 
by  Joly.!  When  this  device  is  used  as  a storage  corre- 
lator, the  V-groote  Isolation  technique  allows  a small 
separation  between  diodes  (4  pm)  without  sacrificing 
isolation  between  adjacent  diodes. 

Several  modes  of  storage  correlator  operation  have 
been  previously  described.1-®  In  the  present  case,,  a 
charge  pattern  is  written  into  the  diode  array  through 
the  nonlinear  interaction  of  an  rf  signal  applied  to  the 
diode  array  top  plate  (T)  and  the  electric  fields  asso- 
ciated with  a short  acoustic  pulse  injected  on  the  inter  - 
digital  transducer  <L)  which  travels  along  the  delay 
line,  as  illustrated  schematically  m Fig.  2.  After  the 
storage  interval,  by  applying  an  rf  signal  to  the  top 
plate  (T),  the  convolution  oi  this  signal  with  the  stored 
signal  is  obtained  at  the  or’gmal  input  port,  and  the 
correlation  of  the  two  signals  at  the  other  acoustic 
port.  In  the  present  case,  one  transducer  is  used  for  a 
short  input  storage  pulse,  and  the  other  for  readout. 

In  general,  the  output  will  be  the  correlation  of  the 
second  top  plate  input  signal  and  the  stored  signal 
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GOOD  TRANSDUCER 

POOR  TRANSDUCER 

!Q)  CORRELATION  PEAK 

tC)  FIRST  REFLECTION 

FIG.  1.  Correlation  peak  obtained  with  two  6-psec-long- 
15-MHz  B\V  chirps.  Horizontal  scale:  100  nsoe/div. 


Typical  input  levels  are  25  dBm  at  the  acoustic  port, 
and  60  V f>  -/>  at  98  MHz  between  the  top  plate  and 
ground.  The  half-height  storage  time  is  8 msec. 

In  a demonstration  of  high-frequency  broadband 
linear  FM  chirp  compression,  the  acoustic  input  was  a 
50-nsec  98-MHz  pulse  and  the  top  plate  signals  were 
two  6-fisec-long  15-MHz  (90-105  MHz)  chirps  spaced 
200  p sec  apart.  The  chirp  bandwidth  was  limited  by  the 
bandwidth  of  the  top  plate  matching  network;  the  length 
limit  was  the  acoustic  length  of  the  diode  array. 

Figure  1 shows  the  correlation  peak  obtained.  The 
full  width  at  half-maximum  is  less  than  80  nsec,  corre- 
sponding to  a compression  ratio  of  better  than  75.  This 
favorably  compares  to  the  time -bandwidth  product  of 
(6  psec)v(15  MHz)  = 90. 

A practical  application  of  this  pulse  compression 
technique  is  the  elimination  of  resolution  deterioration 
due  to  poor  transducer  response  in  a pulse  echo  system. 
To  demonstrate  this,  a 8. 25-MHz -center-frequency 
2. 5 -MHz -bandwidth  PZT  transducer  was  placed  16  cm 
from  a plastic  block  in  a water  tank,  as  illustrated  in 
Fig,  2.  The  transducer  was  pulsed  with  a constant- 
amplitude  linear  FM  chirp.  A 6-qsec-long  2.5-MHz 
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FIG.  Schematic  ol  the  acoustic  pulse  echo  system. 
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FIG.  11.  Pulse  echo  experiment  results  with  both  good  and  |x>or 
transducers. 


segment  of  the  first  reflected  pulse  from  the  plastic 
block  was  gated,  mixed  with  98  MHz,  and  stored  in  the 
correlator  (see  Fig.  2).  The  gate  to  the  top  plate  was 
then  reopened  to  allow  correlation  of  a second  echo 
pulse  with  the  stored  first  reflected  pulse.  This  second 
echo  was  the  triple  transit  signal  returning  from  the 
plastic  block,  reflected  from  the  transducer  face,  and 
reflected  a second  time  from  the  plastic  block.  The 
second  echo  was  obtained  approximately  210  psee  after 
the  first  one  used  as  the  stored  reference. 

Figures  3(a)  and  3(b)  show  the  correlation  peak  and, 
for  comparison,  the  impulse  response  of  the  transducer. 
The  width  of  the  correlation  peak  corresponds  to  a com- 
pression ratio  of  9,  compared  with  the  TB  limit  of  15. 

The  same  experiment  was  tried  a second  time  with  a 
poor-quality  transducer  that  exhibited  severe  ringing 
in  its  impulse  response.  Figures  3tc)-3(e)  show  the 
first  reflected  pulse,  correlation  peak,  and  transducer 
impulse  response,  respectively  The  correlation  peak 
width  was  essentially  the  same  as  that  obtained  with  the 
original  high-quality  transducer  This  indicates  that  the 
resolution  of  the  pulse  echo  system  employing  the  stor- 
age correlator  is  much  improved  over  that  which  could 
normally  be  obtained  with  a poor-quality  transducer  that 
severely  distorts  the  original  input  signal. 

The  authors  wish  to  thank  ,1.  Fraser  for  his  help  m 
setting  up  the  acoustu  pulse  echo  svstem 
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Oxide-layer  tunnel  junctions  exhibiting  both  quasi-particle  and  Josephson 
tunneling  were  produced  by  overlaying  lead  on  niobium-tin  thin  films. 

The  superconducting  transition  temperature  and  average  energy  gap  of  the 
Nb-Sn  both  increased  as  the  tin  concentration  was  increased  toward  Nb3Sn 
and  reached  maximum  values  of  1 7.2  K and  3.2  meV,  respectively,  or 
2 A - 4.3  kTc. 


THE  TECHNOLOGICAL  IMPORTANCE  of  the  A 1 5- 
type  superconductors,  and  their  high  transition  tem- 
peratures and  interesting  lattice  softening  at  low  tem- 
peratures, has  long  made  them  intriguing  candidates  for 
superconductive  tunneling  studies.  However,  previous 
efforts  to  make  both  point  contacts1  and  oxide-layer 
junctions2-5  have  often  resulted  in  less-than  ideal 
tunneling  characteristics.  Only  in  the  point  contact 
measurements  of  Levinstein  and  Kunzler,1  the  prox- 
imity effect  measurement  of  Bacon  and  Haemmerle2 
| and  the  oxide  tunneling  of  Shen3  was  the  energy  gap 

2A  equal  to  or  greater  than  the  BCS  value  of  3.52  kTc. 
In  many  other  cases  (references  4-6  and  references 
therein)  very  small  energy  gaps  were  observed,  typically 
" 1 .5  kTc.  We  report  here  greatly  improved  oxide-layer 
tunnel  junctions  on  thin  films  of  niobium-tin  (Nb-Sn). 
Both  well-defined  energy  gaps  and  clear  Josephson 
tunneling  are  obtained.  We  give  a brief  description  of 
our  results,  including  a study  of  the  dependence  of  the 
energy  gap  of  Nb-Sn  on  composition  m the  vicinity  of 
stoichiometry.  The  gap  is  ~ 4.3  kTc,  suggesting  that 
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Grant  No.  AFOSR  73-2435. 
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these  films  have  much  cleaner  surfaces  than  any  samples 
available  previously. 

The  films  under  study  are  produced  for  us  by 
Hammond,  Zubeck,  and  Hallak,  using  the  dual  electron 
beam  codeposition  technique  developed  by  Hammond.7 
The  films  are  deposited  on  sapphire  substrates  held  at 
700-800°C,  a temperature  sufficien*  for  the  formation 
of  well-reacted  dense  NbjSn.  A set  of  substrates  along 
a line  in  the  plane  of  the  Nb  and  Sn  sources  gives  a 
series  of  samples  with  a spread  of  composition  from  one 
deposition.  The  substrates  were  masked  to  produce  a 
film  ~ 0.5  mm  wide.  As  the  deposition  rate  is  ~ 100  A / 
sec,  it  is  important  to  maintain  uniformity  of  deposition 
within  the  last  second  of  the  run.  For  example,  0.5  sec 
of  excess  Sn  deposition  would  seriously  affect  the 
tunneling  characteristic,  which  is  sensitive  to  material 
only  within  a coherence  length  (~  50  A)  of  the  surface. 
The  deposit  was  terminated  by  moving  a shutter  very 
rapidly  in  front  of  the  substrates.  After  the  system  was 
cool  (~  30  min  at  2 x 10'6torr),  it  was  vented  with 
nitrogen.  The  film  thickness  ranged  from  0.06  to  1,25  jam. 
Electron  micrographs  show  a smooth  surface  at  10,000 
x with  the  exception  of  the  thicker  films  in  the  tin  rich 
region. 

The  tunnel  junctions  are  produced  by  exposure  of 
the  freshly  deposited  Nb-Sn  to  air  and  deposition  of 
a lead  counterelectrode,  in  general,  the  best  current- 
voltage  (/--  V)  characteristics  are  obtained  for  oxidation 
times  of  thirty  minutes  or  less.  Two  examples  are  shown 
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Fig.  1 . Typical  I-V  characteristics  of  junctions  on 
electron  beam  produced  films.  The  “t”  indicates  the 
rise  in  current  at  + Apt,  at  4.5  and  4.2  mV  in 

(a)  and  (b),  respectively. 

in  Fig.  1 . In  Fig.  1(a)  the  full  I-V  characteristic  at 
4.2°K  for  a low  resistance  junction  is  shown.  The  strong 
rise  in  the  current  at  the  sum  of  the  energy  gaps, 

ANbjSn  + An,  (taken  to  be  the  point  of  maximum 
derivative  in  I-V),  is  evident.  For  this  junction  the 
ratio  of  the  currents  flowing  just  above  and  below  the 
rise  at  Aj^^  + Apt,  is  more  than  ten,  at  least  five 
times  better  than  previously  reported.  The  expanded 
curve  reveals  clearly  the  Josephson  tunnel  current  and 
the  cusp  at  ANbjSn  — Apt,.  The  maximum  Josephson 
current  is  self-limited  because  the  junctions  are  long 
compared  with  the  Josephson  penetration  depth. 

Figure  1(b)  shows  the  I-V  characteristic  at  low 
temperature  of  another  junction  from  the  same  deposi- 
tion but  with  slightly  different  composition.  Prominent 
features  here  are  Josephson  tunneling  with  Fiske  steps 
and,  when  the  supercurrent  is  reduced  by  application  of 
a magnetic  field,  a rise  in  the  current  at  a voltage  corres- 
ponding to  Apb.  For  the  better  junctions  such  as  these, 
the  rise  at  Apt,  is  strong  and  may  indicate  a small  but 
finite  density  of  electron  states  within  the  gap  of  the 
Nb-Sn.  Many  junctions  exhibit  a smaller  inflection  at 
Apt,  which  is  accompanied  by  subharmonic  structure  at 
Apb/n,  where  n = 2, 3, 4 . . . .In  these  cases  the  inter- 
pretation is  less  certain. 

The  I-V  characteristics  of  these  low  resistance 
junctions  were  not  explored  at  large  voltages  because 
the  excessive  bias  currents  required  cause  heating  at  the 
contacts.  Longer  oxidation  times  lead  to  higher  junction 
resistances  but  also,  unfortunately,  to  more  conduction 


below  the  gap  and  an  increasing  amount  of  curvature 
(dl/dV increasing  with  V)  above  Au^-ga  + Apt,.  After 
several  days’  oxidation  in  air  the  I-V  characteristic  is 
continuously  curving,  and  it  is  difficult  even  to  determine 
the  energy  gap.  Junctions  made  by  briefly  heating  the 
films  in  air,  or  by  exposure  to  air  of  high  humidity,  also 
exhibit  this  curvature,  which  seems  to  be  characteristic 
of  thicker  oxides.  This  behavior  may  result  from  the 
formation  of  metallic  particles  (Sn  or  Nb)  within  the 
mixed  oxide.8  This  difficulty  has  precluded  a detailed 
study  of  the  observed  structure  in  the  electron  density 
of  states  in  the  NbjSn  due  to  phonons,  but  this  will  be 
possible  with  a smaller  junction  geometry. 

The  use  of  the  codeposition  technique  in  the 
phase-spread  configuration  lends  itself  ideally  to  a study 
of  An^-so  as  a function  of  film  composition.  Some 
typical  results  are  shown  in  Fig.  2.  The  characteristics 
have  been  normalized  to  have  the  same  differential 


Fig.  2.  Variation  of  characteristics  with  composition. 

Six  junctions  from  twenty-four  on  a phase  spread  illus- 
trating the  variation  of  A^-sn  + Apt,  (indicated  by 
arrow)  with  composition. 

conductance  at  large  bias  voltages,  and  displaced  verti- 
cally for  clarity.  The  quality  of  the  I-V  curves  shown 
in  this  figuie  is  not  as  good  as  those  shown  in  Fig.  1 , 
reflecting  their  larger  tunneling  resistances.  The  major 
difference  is  the  marked  excess  tunneling  current  below 
the  gap,  as  mentioned  above.  Josephson  tunneling  is 
still  evident,  however,  in  most  cases.  The  expanded 
region  for  the  23%  Sn  curve  shows  an  example  of  the 
structure  usually  associated  with  the  inflexion  at  Apt, 
and  its  subharmonics. 

The  Nb-Sn  energy  gap  values  obtained  from  Fig.  2 
(after  subtracting  the  known  gap  for  lead)  and  from  five 
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Fig.  3.  Variation  of  Nb-Sn  energy  gaps  with  composition. 

other  depositions  are  plotted  in  Fig.  3.  Although  certain 
peculiarities  are  evident,  the  general  behavior  is  clear. 
^Nb-sn  increases  smoothly  with  increasing  tin  composi- 
tion from  19  at.%Sn  through  stoichiometry  to  about 
29  at.  % Sn  where  it  levels  off  at  a maximum  value  of 
about  3.2  meV  and  generally  stays  above  3.0 meV,  at 
least  up  to  33  at.%Sn.  The  composition  of  the  films 
was  established  at  one  point  on  each  substrate  by  micro- 
probe  analysis  augumented  by  Rutherford  Backscattering 
studies,  and  the  relative  compositions  are  believed  to  be 
good  to  ± 1 at.%.  The  absolute  values  are  only  ± 2 at.%.9 
The  transition  temperature  measured  inductively10 
behaves  in  a similar  manner,  increasing  to  a maximum  of 
17.3  and  17.1°K  for  the  thick  and  thin  films,  respect- 
ively. The  ratio  2ANbjSn/Jfc7’c  is  4.3  near  stoichiometry, 
where  both  A^-g,,  and  Tc  have  their  maximum  values, 
indicating  strong  electron-phonon  coupling. 
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The  first  peculiarity  of  Fig.  3 is  that  there  are 
differences  in  the  niobium-rich  region  although  the 
variation  of  Ajnj-sa  with  composition  is  similar  for  all 
depositions.  Taken  at  face  value  the  data  suggests  a 
systematic  difference  between  the  thick  and  thin  films, 
but  the  significance  of  this  fact  is  not  clear.  Moreover, 
there  are  possible  differences  in  the  state  of  strain, 
crystalographic  orientation11  and  composition  right  at 
the  surface  of  the  films. 

Depositions  No.  82  and  No.  99  show  a precipitous 
drop  in  the  observed  Aifo-aa  as  the  tin  concentration  is 
increased  above  29  at.  %.  Individual  junctions  in  the 
transition  region  show  rises  in  the  tunneling  current 
corresponding  to  Aw^-g,,  both  3.0  and  0.7  meV,  This 
occasional  behavior,  where  the  surface  is  bad  but  the 
bulk  Tc  remains  high,  certainly  seems  to  be  associated 
with  the  onset  of  a two  phase  region  above 
29  at.%Sn12,13  But  whether  the  low  gap  represents 
disorder  or  a phase  separation  toward  the  surface  is  not 
clear  on  the  basis  of  present  data. 

In  conclusion  we  find  that  oxide-layer  tunnel 
junctions  made  on  electron  beam  evaporated  Nb-Sn  are 
superior  to  those  obtained  previously  by  any  means.  The 
surface  properties  of  these  Nb-Sn  films  are  quite 
reproducible,  vary  in  a regular  manner,  and  appear  to 
reflect  the  bulk  superconductivity  of  the  films.  This  has 
made  possible  a study  of  the  gap  as  a function  of  com- 
position, and  holds  the  promise  of  further  detailed 
studies  of  the  electronic  properties  of  this  important 
superconductor. 
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HORIZONTAL  SHEAR  SURFACE  WAVES  ON 
CORRUGATED  SURFACES 


lmle.\mg  term'  Atauslic  sttrjate  nates.  Aitnislii  h at e propaga- 
tion 


Experiments  hme  been  performed  on  horiromul, shear  surface- 
ssase  propagation  along  a corrugated  surface.  The  results 
arc  in  agreement  with  approximate  theories  used  in  analogous 
electromagnetic  problems. 

Inirotluciion:  A well  known  problem  in  electromagnetism 
concerns  the  propagation  of  a TM-type  surface  wave  along  an 
infinite  corrugated  surface.' "6  The  inset  to  Fig,  I illustrates 
this  structure  for  a substrate  with  finite  thickness.  In  the 
electromagnetic  case,  the  shaded  region  represents  an 
isotropic  dielectric  with  electrical-short-circuit  boundary 
conditions  on  the  corrugated  and  bottom  surfaces.  The 
structure  is  uniform  along  the  a direction. 

This  problem  provides  a good  example  of  the  generation 
of  solutions  to  new  acoustics  problems  by  utilising  the  analogy 
between  Maxwell's  equations  and  the  acoustic-field  equa- 
tions.7 In  the  electromagnetic  problem  considered  here,  the 
a component  of  the  magnetic  field  satisfies  the  2-dimensional 
wave  equation  subject  to  boundary  conditions  requiring  that 
the  normal  derivative  of  //,  be  zero  on  all  surfaces.  The 
acoustic  variable  analogous  to  //,  is  the  \ component  of 
particle  displacement  velocity,  which  satisfies  (he  ordinary 
wave  equation  in  2-dimensional  isotropic  problems  of  the  kind 
considered  here.  At  traction-free  boundaries  parallel  to  the 
\-axis,  the  normal  derivative  of  r,  is  required  to  be  zero. 
This  shows  that  the  electromagnetic  problem  has  an  exact 
acoustic  analogue  in  which  the  inset  to  Fig.  I represents  a 
free  isotropic  elastic  plate  with  a uniform  grating  of  slots  cut 
into  the  upper  surface.  The  known  electromagnetic-surface- 
wave  solution  is  therefore  directly  applicable  to  this  new 
problem. 

The  acoustic  analogue  solution  generated  in  this  way 
represents  a new  type  of  horizontal  shear  surface  wave. 
Although  most  surface-acoustic-wave  research  has  been 
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concerned  with  Rayleigh  waves,  horizontally  polarised  sur- 
face waves  are  not  unknown.  Such  waves  exist  on  piezoelectric 
and  magnetostriclive  substrates,  and  also  on  layered  isotropic 
substrates  (Love  waves).  The  waves  considered  here  are 
unique  in  that  they  have  a propagation  velocity  that  is  much 
slower  than  the  bulk-shear-wave  velocity  and  they  also 
exhibit  an  upper  cutoff  frequency.  These  properties  suggest 
potential  applications  in  the  areas  of  compact  long  delay 
lines  and  grating  filters.  It  should  be  noted  that  these  new 
surface  waves  require  the  presence  of  the  corrugations  and 
do  not  exist  on  a smooth  surface,  as  Rayleigh  surface  waves 
do. 


Fig.  1 Theoretical  dispersion  curves  tor  horizontal  shear-wave 
propagation  on  corrugated  surface 
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Method  of  solution:  Detailed  treatments  of  the  analysis  are 
given  in  the  electromagnetic  references  cited.  Following 
Floquet's  theorem,  one  expands  the  field  for  y < 0 in  terms 
of  ’spatial  harmonics’  exp(/f0  + 2it/i/d)r.  Inside  the  teeth 
(.v  > 0)  the  fields  are  expanded  in  terms  of  SH  plate  modes. 
Using  an  ap|.-oximatc  mcihod,  we  assume  that  only  the 
dominant  SH  mode  exists  in  the  teeth  and  mutch  the  stress 
component  T„  on  the  plane  y = 0 by  Fourier  analysis.1' * 
For  the  continuity  condition  on  r,  at  the  same  plane,  cither 
matching  of  the  field  at  the  midpoints  of  the  slots1  or 
matching  the  complex  power  flow*  is  used.  This  leads  to  the 
dispersion  relations 

_J.  m±  <,  I /sin/U/2 

kh  tun  kh  (I  , “ y a.  A tanh  a„  D \ jl.til 2 / 


I,  midpoint  matching 


12,  power-flow  matching 
/fo  + 2n«/(/,  k *•  w/K„  a,1  » fl^-k* 


Fig,  2 Comparison  of  theory  and  experiment  for  0 152  x 0 318 
mm  slots 

In  Ihc  N SO  cj»c,  nnl>  J kw  of  (tic  obKlvwl  leumuikf  Itfiincnvici  d[f  \ho„n 


Fig.  3 Comparison  of  theory  and  experiment  for  0 152  x 7 27 
mm  slots 


Over  the  range  of  parameters  used  experimentally  we 
have  found  little  difference  between  /<  «*  I and  p =>  2,  and  the 
second  value  was  used.  Fig.  1 shows  typical  curves  for  a finite 
substrate  thickness  /),  with  the  surface-wave  solution  below 
the  broken  diagonul  and  thickness  modes  for  one  value  of  I) 
above  the  diagonal. 


Results  and  discussion:  The  dispersion  curves  were  measured 
by  observing  in  transmission  the  resonance  frequencies  o,f  a 
section  of  corrugated  surface  with  traction-free  ends  (Figs. 
2 and  3).  Fabrication  of  the  grating  resonators  was  accom- 
plished by  sawing  0- 1 52  mm  slots  in  aluminium  plate.  The 
measurements  were  performed  using  a frequency  synthe- 
siser and  p.z.t.-JA  thickness  shear  input  and  output 
transducers  affixed  with  Dow  Resin  276-V9.  The  trans- 
ducers were  0.864  mm  thick  and  had  a 25-4  mm  horizontal 
aperture. 

Surface-wave  resonances  occur  at  frequencies  where  the 
grating  is  an  integral  number  of  half  wavelengths  long.  In  an 
N -slot  grating  this  means  that 


fled  « pit/S 

where  />  is  an  integer.  Measurements  were  made  by  observing 
the  transmission  resonances  and  counting  back  to  zero  to 
determine  the  mode  index  />.  Results  for  various  vulues  of  the 
parameters  are  plotted  and  compared  with  theoretical 
curves  in  Figs.  2 and  3.  It  is  seen  in  Fig.  2 that  the  results 
are  not  sensitive  to  the  lateral  width  of  the  grating.  For  the 
narrow  gruting.  rubber  dampers  were  placed  along  the 
grating  edges  to  suppress  dilfi action  elfccts.  The  experi- 
mental points  above  the  broken  diagonul  correspond  to  tha 
thickness  modes  shown  in  Fig.  I.  These  spurious  responses 
create  a problem  in  performing  measurements  near  the 
surface-wave  cutoff  frequency.  Comparison  of  the  kd  <*  n/2 
points  in  Figs.  2 and  3 shows  that  the  deeper  slots  give  a 
greatly  increased  amount  of  wave  slowing.  A higher-order 
surface  wave  also  appears  m this  case. 

Because  the  polarisation  of  the  surface  wave  is  shear 
horizontal,  there  is  no  scattering  from  the  surface  mode  into 
the  thickness  modes  at  the  traction-free  end  faces  of  the 
resonator,  contrary  to  the  case  of  Rayleigh  surface-wave 
reflections.  However,  the  kind  of  transducer  used  docs  excite 
both  types  of  modes.  Although  spurious-mode  excitation  can 
be  somewhat  reduced  by  careful  placement  of  the  transducer 
and  by  damping  the  lower  surface  of  the  plate,  mode  inter- 
ference remains  a problem  in  frequency  regions  where  the 
two  mode  types  overlap.  I his  is  clearly  shown  in  Fig.  3. 
where  the  accuracy  of  the  measurements  deteriorates  at  the 
higher  frequencies,  but  this  can  be  avoided  by  using  a smaller 
value  of  l>  to  increase  the  thickness-mode  frequencies. 

The  principal  problems  to  be  resolved  in  further  study 
and  exploitation  of  these  waves  are  the  development  of 
suitable  transducers  and  of  techniques  for  fabricating  narrow 
deep  slots  with  smaller  dimensions  suitable  for  higher- 
frequency  operation.  Intcrdigital  transducers*  and  orientation- 
dependent  etching”  are  possible  solutions  to  be  examined. 
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PYROELECTRIC  VIOICOIMS  WITH  IMPROVED 
READOUT 

hntv\mv  ivnin  Puot'ht  m<  detitcx,  /<•/,'( mini  i iwu/ti  lithe. 

The  performance  of  a telex isum  camera  using  a pxroclectru 
Vidicon  has  been  improxed  bx  the  use  of  fix  bad,  gas  pedestal 
generation  and  a loxs-relaiise-permiinsm  target  material 

Pyroelectric  Vidicons  provide  television-compatible  thermal 
images  relatively  cheaply  and  without  the  need  for  cooling. 
The  performance  of  tubes  described  earlier'  was  limited  by 
incomplete  discharge  of  the  pyroelectric  target  by  the  electron 
beam.  The  readout  efficiency  is  governed  by  the  magnitude 
of  the  positive  swing  of  the  target  potential  between  scans 
(the  'pedestal'  level).1  In  a gas-tilled  tube  ilns  potential 
eveursion  is  obtained  by  collection  of  positive  tons  on  the 
target  surface,  the  tons  being  generated  by  collisions  of  the 
electron  beam  with  the  gas  in  the  space  between  mesh  and 
target.  The  difficulty  encountered  was  that  increasing  the  beam 
to  raise  the  pedestal  level  caused  dcfocusmg.  emphasised 
laruei  defects  and  gave  poor  shading. 

The  development  described  here  allows  the  pedestal  level 
to  be  set  independently  of  the  readout  beam.  This  is  done  by 
generating  most  of  the  pedestal  during  the  line-flyback  period 
The  normal  positive-going  blanking  pulses  on  the  cathode 
prevent  electrons  from  reaching  the  target  during  flyback 
Gas  ions  can  still  do  so.  however,  and  eoncuirent  positive 
pulses  applied  to  the  control  grid  are  used  to  mciease  the 


beam  current  and  so  generate  a large  pedestal  in  this  time. 
If  necessary,  additional  pedestal  can  bcobtained  by  lengthening 
the  flyback  time.  Typical  tubes,  with  a flyback  time  of  10  j«, 
provide  an  equivalent  mean  pedestal  current  of  30  nA.  On 
an  I8mm-diameter  target,  fully  scanned  by  a 4x3  raster, 
the  corresponding  instantaneous  pedestal  current  is  about 
60  nA. 

The  readout  efficiency,  being  a function  of  the  potential 
swing  on  the  target,  can  also  be  improved  by  substituting 
for  TGS,  the  pyroelectric  previously  used,  a material  having 
lower  relative  permittivity.  The  deutcrated  isomorph  of  TGS 
is  favoured,  as  it  has  a relative  permittivity  at  35  C (the 
o- ■'.rating  temperature  in  the  camera  I equal  to  24,  c m- 
pared  with  76  for  TGS.-' 

Measurements,  shown  in  Pig.  I,  of  the  minimum  resolvable 
temperature  normalised  by  f] I as  before,1  show  the  improve- 
ments that  have  been  achieved  by  these  means. 

In  the  panning  mode  of  operation,  at  100  lines  per  picture 
height  (approximately  3 line-pairs/mm)  the  m.r.t.  is  now 
()•  3 C.  compared  with  2 C previously.  The  improvement 
due  to  better  readout  is  particularly  marked  at  higher  spatial 
frequencies:  with  the  normal  gas  pedestal,  the  m.r.t.  at  250 
lines  is  close  to  2-5  C,  whereas  with  ">c  flyback  it  is  I C. 

Pig.  2 shows  the  equivalent,  minimum-resolvable-tcmpcra- 
tore  curve  for  chopitcd  operation.  The  improved  readout 


Fig.  2 

\N  >th  line 
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allows  a chopper  frequency  of  25  Hr  to  be  used,  each  alternate 
field  of  video  information  being  inverted  to  maintain  a con- 
stant signal  polarity. 

I he  flyback  system  is  the  subject  of  a patent  application 
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The  Design  of  Efficient  Broad-Band  Piezoelectric 

Transducers 

CHARLES  S.  DESILETS,  member,  ieee,  JOHN  D.  FRASER,  and  GORDON  S.  KINO,  fellow,  ieee 


Abunct-K  design  method  for  icouitic  thin  disk  transducers  with 
high  efficiency,  broad  bandwidth,  and  good  impulse  response  is  pre- 
sented. This  method  is  baaed  on  the  use  of  quarter-wave  matching 
layers  between  the  piezoelectric  material  and  the  acoustic  load.  As  is 
made  evident  using  the  transmission  line  model  of  Krimholtz,  Leedom, 
and  Matthaei,  the  finite  thickness  of  the  piezoelectric  material  must  be 
taken  into  account  in  the  matching  layer  design.  Criteria  for  optimum 
broad-band  transducer  designs  with  a given  piezoelectric  material  are 
developed  which  show  the  importance  of  a high  electromechanical 
coupling  coefficient.  A method  for  obtaining  Gaussian  shaped  pass- 
bands,  necessary  for  optimum  impulse  response,  is  also  shown.  Several 
transducers  have  been  built  to  illustrate  this  design  approach  with 
excellent  agreement  between  theory  and  experiment.  One  such  trans- 
ducer has  3.2  dB  round  trip  insertion  loss  and  one  octave  bandwidth. 


I.  Introduction 

A design  method  for  acoustic  thin  disk  transducers  with 
large  bandwidths,  good  sensitivity,  and  good  impulse 
response  is  described  in  this  paper.  This  method  is  based  upon 
the  concept  that,  for  broad-band  matching  with  high  ef- 
ficiency between  a piezoelectric  material  with  relatively  high 
acoustic  impedance  and  a relatively  low  impedance  acoustic 
load,  one  or  more  qua'ter-wavelength  matching  sections  must 
be  used.  The  fact  that  the  piezoelectric  material  itself  must  be 
regarded  as  a finite  length  transmission  line  is  taken  into  ac- 
count in  the  design  of  the  matching  layers.  This  significantly 
alters  the  choice  of  impedance  for  the  matching  sections. 

In  addition,  considerable  attention  is  devoted  to  the  problem 
of  obtaining  a good  impulse  response.  For  this  purpose,  the 
requirement  of  a large  bandwidth  alone  is  not  adequate.  As 
the  impulse  response  is  the  Fourier  transform  of  the  frequency 
response,  the  ideal  bandpass  characteristic  for  a short  impulse 
response  with  minimum  ringing  is  a Gaussian  shape,  and  as 
shown  by  Sittig,  a linear  phase  characteristic  { 1 ] . 

Several  transducers  have  been  built  using  this  design  ap- 
proach and  show  characteristics  in  excellent  agreement  with 
the  theory.  One  such  transducer  used  lead  metaniobate  as  the 
active  material,  acoustically  matched  into  water  with  a single 
epoxy  matching  section,  air  backed,  series  inductively  tuned, 
and  matched  electrically  into  50  J2.  This  transducer  shows  the 
desired  flat  response  over  the  40-percent,  3-dB  passband,  6.5- 
dB  round  trip  insertion  loss  at  band  center,  and  the  predicted 
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impulse  response.  A second  transducer  using  PZT-5A  ceramic 
as  the  active  element  was  acoustically  matched  into  water, 
using  two  matching  sections  of  a light  borosilicate  glass  and 
epoxy,  airbacked,  series  inductively  tuned,  and  electrically 
matched  into  50  \l.  The  transducer  has  the  predicted  65- 
percent,  3-dB  bandwidth,  3.2-dB  round  trip  insertion  loss, 
and  the  predicted  impulse  response.  A third  transducer, 
using  PZT-4  ceramic,  and  acoustically  matched  on  the  back 
with  a high-loss  high-impedance  tungsten-loaded  epoxy,  was 
also  built;  this  yielded  approximately  the  desired  Gaussian 
bandshape  and  the  expected  excellent  three  half-cycle  im- 
pulse response. 

The  electrical  input  impedance  of  an  acoustic  transducer, 
and  consequently  the  insertion  loss  and  other  parameters  of 
interest,  can  be  determined  from  the  well-known  one-dimen- 
sional Mason  model  (l)-[3].  In  addition,  the  effects  of 
complex  acoustic  load  and  backing  impedances  on  the  over- 
all response  at  the  transducer  can  be  easily  taken  into  account 
with  this  model.  In  several  papers,  notably  those  of  Kossoff 
[4] , Goll  and  Auld  [51 , Goll  [6] , Reader  and  Winslow  [7] , 
and  Sittig  [8] , the  effect  of  various  acoustic  matching  tech- 
niques at  the  two  acoustic  ports  of  the  transducer  on  the 
transducer  characteristics  have  been  analyzed.  These  ap- 
proaches have  included  the  use  of  high-loss  backing  materials 
and  quarter-wave  matching  sections.  However,  the  design  of 
transducers  with  high  sensitivity,  broad  bandwidth  with  low 
ripple,  and  short-duration  impulse  responses  has  remained 
largely  a trial  and  error  process.  The  authors  believe  that  this 
is  because  the  Mason  model  does  not  lend  itself  easily  to 
physical  interpretation  of  the  effects  of  various  acoustic  and 
electrical  matching  schemes.  This  hampers  the  optimization 
of  the  transducer  characteristics,  such  as  the  bandwidth, 
bandshape,  and  impulse  response.  Our  design  procedure, 
instead,  is  based  on  the  transmission  line  model  of  Krim- 
holtz, Leedom,  and  Matthaei,  [9] , [10]  shown  in  Fig.  1. 

This  has  the  advantage  that  it  retains  the  intuitively  satisfying 
transmission  line  natuie  of  the  transducer,  but  replaces  the 
cumbersome  distributed  coupling  of  the  piezoelectric  effect 
with  a single  coupling  point  at  the  center  of  the  transducer. 
The  differences  between  distributed  and  single  point  coupling 
are  included  through  a coupling  transformer  with  a turns  ratio 
that  varies  with  frequency,  and  a series  reactance. 

Physical  intuition  and  computation  are  facilitated  with  this 
model,  since  acoustic  matching  techniques  typically  use  trans- 
mission line  formalism,  while  the  electrical  matching  tech- 
niques required  in  the  frequency  range  of  interest  typically 
use  lumped  components.  A series  of  computer  programs  has 
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Fig.  1.  Transmission-line  model  of  piezoelectric  transducer  (after 
Krimhoitz,  Leedom,  Matthaei). 

been  written  to  implement  the  design  of  transducers  using  this 
model.  In  these  programs,  the  loss  between  the  electrical  and 
acoustic  ports  over  the  band  can  be  computed,  the  electrical 
input  impedance  can  be  determined,  and  a single  electrical 
matching  network  can  be  designed.  The  accuracy  of  such 
techniques  is  sufficient  so  that  the  effects  of  finite  thickness 
bonds  between  the  matching  layers,  of  stray  inductances  and 
capacitances,  and  of  excess  electrical  resistance  show  up 
strongly,  and  makes  it  possible  to  determine  the  nature  of  such 
errors  in  the  construction.  In  addition,  by  using  Fourier  trans- 
form methods,  the  impulse  response  of  the  transducer  can  be 
predicted  with  good  accuracy. 

II.  Design  Theory 
A.  General  Considerations 

We  first  discuss  some  of  the  general  criteria  necessary  to 
obtain  broad-band  low-loss  matching  for  an  electrical  signal 
to  the  acoustic  ports.  For  this  purpose,  we  shall  make  use 
of  the  Krimhoitz,  Leedom,  and  Matthaei  (KLM)  model  il- 
lustrated in  Fig.  1 . In  this  model,  the  piezoelectric  trans- 
ducer is  represented  by  an  acoustic  transmission  line  tapped 
at  its  center,  and  driven  by  a perfect  transformer  of  ratio 
<t>;  1,  where 

q>  = kTinluoCoZc)'11  sine  ( 1 ) 

with  sine  x = sin  (nx)lnx. 

The  parameters  are  defined  as  follows: 

d thickness  of  the  piezoelectric  material; 

A area  of  the  transducer; 
es  clamped  dielectric  constant; 

p mass  density; 

c D stiffened  elastic  constant ; 
va  stiffened  acoustic  velocity; 

Za  stiffened  acoustic  impedance  (=  p ua); 

e electromechanical  coupling  constant; 

k\  effective  piezoelectric  coupling  coefficient 
(=  €J/c°es); 

Zq  = ZaA ; and 

Wo  half-wavelength  resonant  frequency  of  the  transducer 
(=  nvjd). 

The  transformer  has  a capacity  in  series  with  it  of  value  C0  = 
esA/d , the  clamped  capacitance  of  the  transducer.  There  is 


an  additional  reactance  in  series  with  the  transformer  which 
can  be  modeled  a a variable  capacitance  of  value: 

C'  = -Colkr  sine  (w/w0).  (2) 

As  IC'I»  I C0 1,  it  only  ha  a minor  influence  on  the  opera- 
tion of  the  transducer. 

General  criteria  for  the  maximum  bandwidth  obtainable 
from  a transducer  witn  minimum  insertion  loss  can  be  cal- 
culated for  the  case  where  the  acoustic  ports  of  the  trans- 
ducer are  terminated  with  pure  resistive  loads.  The  KLM 
equivalent  circuit  would  then  become  a center  tapped  trans- 
mission line  terminated  by  a load  ZL  at  one  end  and  a load 
ZR  at  the  other.  When  ZL,ZR  <ZC,  this  transmission  line 
has  a resonance  near  w0.  The  approximate  acoustic  Q,  Q„, 
of  the  resonator  can  be  calculated  by  transforming  the  im- 
pedances ZL,ZR,  to  the  center  tap,  where  they  have  effec- 
tive values  ZclZL  and  ZqIZr , respectively ; this  is  a total  re- 
sistance of  value  R = Zcl(Z i + ZR).  The  resultant  shorted 
quarter-wave  transmission  lines  have  a reactive  impedance 
when  placed  in  parallel  of  value  X - Zc/2  tan  (rrw/2w0).  The 
acoustic  Q can  be  estimated  from  the  points  where  X = R, 
so  that 


The  electrical  radiation  resistance  of  the  transducer  at  its 
center  frequency  is 


Therefore,  the  electrical  Q,  Qe , of  the  series  inductance  tuned 
circuit  at  its  center  frequency,  when  supplied  by  a constant 
voltage  source,  is 


Q 1 _ It  (Zr  +Zl) 

u)0C0Rao  4k\  Zq 


(5) 


The  requirement  that  Qe  = Qa  for  optimum  bandwidth  yields 
the  relation 


(6) 


Further  examination  of  the  equivalent  circuit  shows  that  the 
impedance  presented  at  the  transformer  terminal,  correct  to 
first  order  in  Cl  = (w  - w0)/w0,  is 


Z2r 


-IN 


ZR  + z. 


■ - jnCl 


zb 


(ZR  +ZLy 


(7) 


The  reactive  pa;  of  this  impedance  is  like  that  of  a negative 
inductance. 

The  reactance  seen  at  the  generator,  including  a series  tuning 
inductance  L chosen  so  that  w0L  = l/w0C0,  is 


X = 


ft 


w0C0  [ 


Ak\ 


(8) 


This  expression  is  correct  to  first  order  in  ft.  The  first  term  in 
(8)  is  due  to  L and  C0  in  series,  the  second  term  is  due  to  the 
capacitance  C'  in  the  equivalent  circuit,  and  the  third  term  is 
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Fl|.  2.  Equivalent  alactrkal  lumped  circuit  of  traniducar  tarmlnatad 
by  nutch«d  lotdi  at  both  acoustic  port*. 

due  to  the  acoustic  loading.  It  can  be  seen  that,  if  the 
k\- « 4,  the  first-order  variation  of  the  reactance  X with 
frequency  is  minimized  when  (2r  + ZL)  is  chosen  to  satisfy 
(6).  Therefore,  this  choice  of  terminating  Impedance  satis- 
fied the  requirement  for  approximate  cancellation  of  the 
reactance,  as  well  as  a criterion  for  optimum  matching  from  a 
constant  voltage  source. 

If  the  impedance  of  the  generator  is  chosen  to  equal  R40 . 
the  efficiency  of  power  transfer  to  the  transducer  is 

it-  {9) 

Since  R4  ■ R40  at  the  center  frequency,  and  since  the  first 
order  variations  at  the  reactance  with  frequency  are  essentially 
eliminated,  the  efficiency  r?  will  have  only  fourth  order  varia- 
tions with  frequency  due  to  the  variation  of.V  with  frequency. 
First  order  variations  of  R with  frequency  only  give  rise  to 
second  order  variations  of  r?. 

As  an  illustration  of  what  occurs  in  several  cases,  consider 
the  situation  when  both,  acoustic  ports  are  terminated  by 
impedances  ZL  "Z(  “ Zc  (1SJ . ( 16] , In  this  case,  the 
equivalent  circuit  becomes  that  shown  in  Fig.  2.  Half  of  the 
power  is  emitted  from  each  acoustic  port,  and  the  effective 
resistance  of  the  acoustic  load  seen  at  the  electrical  port 
is  121,17],  I8J 

R*  9 ^aofwo/w)’  sin1  (iko/2*o)  (10) 

where 

Kao*(2*f/*)(l/w0C0).  (11) 

When  the  device  is  untuned,  it  can  be  shown  that,  if  C‘  is 
neglected,  the  minimum  power  loss  occurs  with  a generator 
impedance  of  a {R\ o + l/w$Co)l/J . At  the  center  fre- 
quency, this  would  correspond  to  an  efficiency  of  power  trail- 
fer  from  the  generator  to  the  load  (3) , (7) , (8) 

'■iVn^ps'v 

where,  in  this  formula,  the  3-d  B loss  due  to  having  power 
emitted  from  both  acoustic  ports  is  taken  into  account.  It 
is  therefore  desirable  to  use  as  high  a coupling  coefficient 
kr  as  possible,  in  order  to  obtain  high  efficiency  with  an  un- 
tuned transducer.  In  this  case,  the  best  efficiency  that  might 
be  expected  with  a 1'ZT  ceramic  with  i (f  = 0,25,  would  be 
16  percent.  Such  3 transducer  would  have  a minimum  round 
tiip  insertion  loss  of  16.0  dB. 

Tire  addition  of  tuning  would  ideally  lowet  the  minimum 
loss  to  6 dB,  A simple  series  inductance  would  give  an  electri- 
cal Q at  the  center  frequency,  when  a source  impedance 


*R4  o is  employed,  of 

0.-ir/4*f.  (13) 

With  « 0.25,  the  bandwidth  would  be  narrowed  to  32 
percent  instead  of  approximately  100  percent.  If  a constant 
voltage  source  were  used,  Qt  would  then  be  ir/2*f , giving  a 
bandwidth  of  16  percent.  It  is,  therefore,  highly  desirable  to 
work  with  as  large  a coupling;  coefficient  as  possible  to  in- 
crease ^Cu>0C0.  asnd  thus  lower  the  electrical  Q of  the  trans- 
ducer. 

A considerable  improvement  in  efficiency  can  be  obtained 
by  leaving  tho  left-hand  side  air  backed,  i.e.,  short  circuiting 
the  left-hand  transmission  line.  In  this  case,  if  the  right-hand 
transmission  line  is  terminated  by  an  impedance  ZK  = 2C,  the 
effective  resistance  in  the  circuit  of  Fir,.  1 is  doubled,  and  the 
one  way  optimized  efficiency  at  the  center  frequency  w0 
becomes  46  percent  for  * 0 25;  the  bandwidth  of  the 
series-tuned  system  then  approaches  64  percent,  with  source 
impedance  R4 0,  or  32  percent  for  a constant  voltage  source. 

It  is  also  worthwhile  to  consider  the  Important  case,  much 
used  in  practice,  of  a transmitter  terminated  on  its  left-hand 
side  by  a load  ZL  close  to  tire  impedance  of  the  transducer 
material.  As  an  example,  a PZT-5A  transducer  (ZL  mZcm 
34)  can  be  used  to  excite  a wave  in  water  (Zr  « 1 .5).  In 
this  case,  most  of  the  power  is  emitted  iirto  the  matched 
backing.  If  the  voltage  across  the  center  point  of  the  trans- 
mission line  is  V,  the  power  emitted  at  the  center  frequency 
into  the  left-hand  side  is  r 'ZiilZ  J-,  the  power  emitted  into 
the  right-hand  side  is  F5ZK/2Zf . 

Following  the  previous  arguments,  it  will  be  seen  that  since 

R 4*^C 

<0  rrwoCo^  +Zt) 

the  maximum  efficiency  of  an  untuned  transducer  is 

2 Zr 

” " (Zi  *ZH)[l+n(ZR  > Zt, )/4A  f/Tr71  ' ( 141 

The  maximum  efficiency  for  a 1Y.T-5A  transducer  with  a 
matched  backing  exciting  a wave  in  water  is  I ,l>  percent.  If 
both  sides  are  matched  to  the  transducer  material  impedance 
Zr  ~ZLa  Zc,  the  maximum  efficiency  is  that  already  cal- 
culated. If  Zt  = 0 and  Zr  is  small,  q can  be  made  100  per- 
cent. 

R.  Fhmt  Acvusth'  LxkI  Line 

The  matching  problem  for  a piezoelectric  cetatnic  used  to  ex- 
cite an  acoustic  wave  in  water  is  now  consulted.  The  im- 
pedance of  the  transducei  material  is  typically  20  to  35, 
and  that  of  the  water  is  1 .5,  Thus  in  the  KLM  model  the 
impedance  looking  into  the  iight-hatul  acoustic  load  line  is 
like  that  of  a transmission  line  with  essentially  a short  cir- 
cuit termination.  The  impedance  is  vety  high  at  the  center 
frequency,  but  diops  quickly  to  low  values  Consequently, 
the  bandwidth  of  the  transducer  is  very  small,  unless  the 
impedance  at  the  center  is  kept  low  by  using  a backing  ter- 
mination. 

Quarter-wave  impedance  tiansfoimers  between  the  load  and 
the  piezoelectric  ceramic  will  bioaden  out  the  ftequenev 
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where  /.r  = tcimiiiattng  load  impedance,/^  = input  imped- 
ance of  the  transmission  line  s\ stent.  Zn  * «lh  qtiauei-vvave 
matching  section  impedance.  Oi  * binomial  coefficient  * 

S' in ! (.V  nY  and  />,-  ~ effect  no  impedance  at  the  sm  face 
of  the  (uinsducet 

Tlie  results  shown  m fable  I ate  used  as  the  Manure  basis 
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response  characteristics,  giving  higher  efficiency  than  trans- 
ducers damped  by  a matched  backing  and  broader  acoustic 
bandwidth  than  undamped  transducers.  In  the  past,  such 
transformers  have  been  designed  to  match  the  load  imped- 
ance to  the  characteristic  impedance  of  the  transducer  material 
at  the  center  frequency.  A better  procedure,  which  is  adopted 
here,  is  to  design  the  transformers  to  give  a desirable  imped- 
ance at  the  center  terminal  of  the  KIM  model.  Thus  the 
front  half  of  the  transducer  is  itself  treated  as  a quarter-wave 
matching  layer,  in  addition  to  the  quarter  wave  matching 
layers  bonded  to  it.  As  opposed  to  the  usual  design  pro- 
cedure, 2,  . the  impedance  of  the  first  matching  section  is 
chosen  to  tie  the  transducer  material,  so  2,  =•  /<-,  The  value 
of  Z|N . the  input  impedance  to  this  section,  is  then  deter- 
mined. Thus  a better  broad-band  match  is  obtained,  be- 
cause use  is  made  of  the  extra  matching  layei  which  already 
exists  in  the  device, 

The  design  of  quarter-wave  transmission  line  matching  sec- 
tions has  been  formulated  by  Collin  |l  1 1 , Rtblet  [ I '| , and 
Young  | ld|  and  othets.  Their  designs  call  for  the  transmis- 
sion line  reflection  coefficient  magnitude  I PUn.  alternatively, 
the  power  loss  ratio  I'i.r  * I '( I I l'i:  I,  to  exhibit  eitliei  a 
maximally  fiat  or  Chebysbev  response  over  the  desired  fre- 
quency passband.  l aiget  passbands  are  achieved  l>>  the 
addition  of  mote  transformer  sections. 

A similar  approach  can  be  used  in  the  design  of  the  acoustic 
load  line,  although  the  acoustic  impedance  mismatches  ate 
typically  much  larger  than  the  microwave  ones;  higher  order 
terms  ate  much  bigger  and  should  be  included  in  the  calcula- 
tion of  the  refieetton  coefficient.  Nevertheless,  the  design 
formulae  developed  for  two  and  three  layer  transmission 
line  sections  can  be  applied  to  the  acoustic  case,  and  reason- 
ably good  results  ate  obtained  m exact  numerical  solutions. 

As  an  illustration,  the  impedance  formulae  for  the  binomial 
transformer  are  given.  This  gives  close  agreement  to  the 
maximally  fiat  case  for  a small  number  of  matching  sections. 
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I'lg.  Power  low  ratios  of  from  acoustic  load  line  of  lead  melanin- 
hate  transducer  matched  with  single  quarter-wave  plate. 


for  the  transducer  designs  reported  *n  this  paper.  In  -each  case, 
Z | is  the  impedance  Zc  of  the  transducer  material. 

As  an  example,  considet  the  design  of  a transducer  to  be 
built  using  lead  metaniobate  with  a water  acoustic  load.  One 
bonded  matching  section  is  to  be  employed,  and  a maximally 
fiat  passband  is  desired  for  the  front  load  line.  Using  Table  I 
for  the  two  layer  transformer,  and  taking  Zr  - 1 ,5A  and 
Zc  “ 20.0A,  the  input  impedance  of  the  acoustic  load  line 
(iflN)  is  found  to  lie  47.4A,  over  twice  the  material  imped- 
ance. For  comparison,  the  value  obtained  for  this  case  by  the 
criterion  of  (b)  is  44.4A.  So  a two-section  transformer  is  a 
good  choice  in  this  case. 

Hie  impedance  of  the  matching  layei  ) is  found  to  be 
o 50 A,  which  dil'feis  markedly  fiom  the  value  of  5.4SA.  the 
value  calculated  if  the  ceramic  were  assumed  to  be  an  infinite 
acoustic  transmission  line.  The  system  tends  to  give  a btoadei 
acoustic  bandwidth,  because  the  two  matching  layers  have 
been  taken  into  account  and  a btoadei  electrical  bandwidth 
with  bettei  efficiency,  because  it  presents  a higher  electrical 
impedance  at  hand  centei. 

The  powei  loss  ratio  (/';  k 1 thiough  the  matching  layeis  is 
plotted  as  a function  of  (requeue)  for  both  cases  in  big.  d. 

As  can  he  seen,  the  ideal  maximally  fiat  response  is  obtained 
for  the  case  when  the  matching  layer  impedance  is  d.5M. 

A similai  calculation  for  a IV.T-5A  transducer  matched  into 
vvatet  ■*  d4A)  yields  a value  of  ZlN  for  two  matching  sec- 
tions of  Op  dA.vvith  three  sections.  £lN  = 5M  ,Z:  = 8.*>A, 

/.»  a '.T4A.  Hie  value  ot'21N  lot  the  three  section  matched 
system  is  slightly  laigei  than  the  optimum  value  of  = 
4S.'A  using  (o).  So  a three  section  tiansformei  is  a good 
choice  in  this  case. 

Therefore,  it  is  concluded  that  the  optimum  lead  metanio- 
bate trai  scilicet  matched  to  water  requires  only  one  extra 
marching  lavei  with  an  impedance  of  d.5o.  while  the  IVT-SA 
tiansdueei  requires  two  matching  layeis  of  impedances  8 
and  '..'4.  respectively 

Wtdei  passbands  can  be  obtained  for  a given  number  of 
matching  sections  with  C'hebysliev  response  if  passband  npple 
can  be  tolerated  As  will  be  shown  in  die  next  section,  the 
acoustic  backing  line,  m general,  limits  the  usuable  bandwidth 
of  the  tiansdueei.  so  that  sins  filtei  response  is  not  as  useful 
as  might  be.  Moreover,  the  t'hebv  sltev  filtei  response  yields 
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Hg  4 (a)  Effect  of  '.hot toil  Kick  load  line  on  acoustic  Impedance  of 
maximally  flat  front  load  line  Lead  metanlobalc  transducer  (1.27 
cm  diameter),  (b)  Effect  of  resiatively  loaded  back  load  line  on 
acoustic  impedance  of  maximally  flat  front  load  line.  Lead  melanin 
bate  transducer  (1.27  cm  diameter). 


steep  skirls  on  the  frequency  response,  which  is  undesirable 
in  pulse-mode  applications. 

C.  Back  Acoustic  Load  Line 

In  the  transmission  line  model,  the  acoustic  impedance  seen 
at  the  center  node  is  the  parallel  combination  of  the  input 
impedances  of  the  front  acoustic  load  line  and  the  back  acous- 
tic load  line.  Ideally,  the  back  load  line  should  be  designed  to 
absorb  as  little  power  as  possible,  and  to  maintain  or  enhance 
the  passband  characteristics.  As  can  be  seen  from  (3)  and  (b). 
the  optimum  acoustic  Q is  expected  to  be 
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This  limits  the  useful  bandwidth  of  an  air-backed  single 
quarter-wave  matched  PZT-SA  transducer  to  about  45  percent, 
but  numerical  calculations  indicate  broader  bandwidths  in  two 
layer  matched  transducers. 

The  effect  of  the  shorted  back  load  line  on  the  input  acous- 
tic impedance  is  shown  in  Fig.  4(a),  for  the  lead  metaniobate 
transducer  previously  discussed.  As  can  be  seen,  the  band- 
width of  the  passband  is  considerably  reduced  and  the  band 
shape  is  considerably  altered.  As  seen  in  Section  A,  the  com- 
bination of  the  front  load  line  with  a low  impedance  shunted 
back  load  line  is  an  optimum  for  high  efficiency,  broad-band 
designs.  This  is  because  the  imaginary  part  of  Z|n  varies 
linearly  with  frequency  over  the  passband,  so  it  tends  to 
cancel  out  some  of  the  errors  introduced  tiy  the  electroacous- 
tic transformer  and  a simple  tuned  electrical  tuning  network. 
Such  an  effect  does  not  occur  with  parallel  inductance  tuning, 
because  the  resistive  part  of  the  input  impedance  is  changed  by 
the  presence  of  the  inductor. 

The  next  simplest  back  load  line  design  would  be  the  addi- 
tion of  a resistive  load  of  impedance  Z/,  to  the  ceramic 
quarter-wave  section.  This  is  accomplished  in  practice  by 
bonding  a high  loss  material  to  the  back  of  the  piezoelectric 
ceramic  to  stimulate  an  infinite  transmission  line,  so  that  no 
power  is  reflected  back  into  the  transducer  from  the  back. 

The  effect  of  resistive  loads  of  varying  impedance  on  Z)N  of 
the  lead  metaniobate  transducer  previously  described  is  shown 
in  Ftg.  4(b).  In  general,  as  would  be  expected,  the  midband 
m pcdancc  is  considerably  reduced  as  the  backing  impedance 
is  increased.  When  the  backing  impedance  approaches  Zc, 

Z(^  becomes  entirely  resistive  and  equal  toZc.  It  should  bo 
noted  that  most  of  the  available  power  in  this  case  is  radiated 
into  the  back  load  line,  since  its  impedance  would  lie  only 
about  40  percent  of  that  of  the  front  load  line.  With  a large 
number  of  quarter-wave  plates  on  the  front  load  line  Z{n 
would  approach  Zc,  and  the  round  trip  inset tu-;  ,oss  would 
approach  6 dB  at  best.  In  this  case,  Z|N  drops  in  value  so  ‘ 
broad-band  electrical  matching  becomes  more  difficult.  Thus 
this  type  of  transducer  would  be  optimized  by  using  several 
quarter-wave  plates  with  a more  complicated  matching  net- 
work than  just  a simple  inductance.  Alternatively,  the  match- 
ing network  could  be  omitted  at  the  expense  of  a decrease 
in  efficiency. 

Hie  use  of  a lossy  backing  of  relatively  low  impedance  is 
beneficial  in  the  design  of  a quarter-wave  matched  transducer, 
however.  The  bandshape  ofZSN  of  a backed  transducer 
changes  as  Z(  is  increased,  and  becomes  Gaussian  shaped. 

The  impulse  response  of  the  transducer  is  therefore  improved, 
as  will  be  described.  The  problem  foi  the  designer,  then, 
becomes  compromising  bandshape  versus  insertion  loss  for 
this  particular  transducer  configuration.  A veiy  low  backing 
impedance  of  about  d appeals  to  be  adequate  for  the  single 
quarter-wave  matched  lead  metaniobate  ttaioducei  described 
above. 

If  the  backing  impedance  were  to  be  made  huge  with  respect 
to  Z(»,  Z{N  would  approach  a shot l circuit  at  the  centei  fre- 
quency and  increase  to  some  peak  value  at  approximately 
to/m0  = 0-5  and  u>/m0  = 1-5.  The  tiansducei  could  then  be 
opeiated  on  a quarter -wave  oi  thiee-quauei-wavc  resonance 
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Since  in  this  case  the  electroacoustic  transformer  has  a better 
response  at  low  frequencies,  a transducer  built  on  this  prin< 
ciple  could  be  successfully  operated  as  a quarter-wave  trans- 
ducer with  only  slight  effects  from  the  higher  resonance.  This 
design  has  been  used  by  Bui  ttol  ( 1 S]  for  a very  broad 
bandwidth  transducer  which  uses  low  impedance  (Zc  * 

3.8A)  PVFj  as  the  piezoelectric  element,  mounted  on  a high 
impedance  (Z  • 31  A)  brass  backing.  In  this  case,  the  electrical 
coupling  is  weak  (k]~  0.013),  but  the  acoustic  matching  to 
water  is  very  good.  Therefore,  a large  bandwidth  untuned 
transducer  can  be  constructed.  This  design  would  be  difficult 
to  use  for  transducers  employing  ferroelectric  ceramics,  since 
no  backing  material  exists  with  a sufficiently  high  impedance. 

D.  Electrical  Port 

In  order  to  minimize  the  insertion  loss,  the  electrical  input 
impedance  of  a transducer  should  be  entirely  real  over  the 
passband,  and  the  radiation  resistance  (A’4)  should  equal  the 
electrial  source  resistance  (Z0).  For  a lossless  air  backed 
transducer,  the  radiation  resistance  of  the  acoustic  load 
is  Rt,  If  the  transducer  has  a resistive  load  on  the  back  toad 
line,  the  component  of  interest  must  be  separated  out  from 
R4.  In  addition,  the  frequency  dependence  of  Rt  should  be 
tailored  to  tit  some  bandshape  criterion,  such  as  a Gaussian 
form,  for  optimum  impulse  response.  As  we  have  seen,  the 
design  of  a low-loss,  broad-band  matching  networK  is  con- 
siderably eased  if  the  electrical  Q of  the  transducers  is  in- 
herently low,  which  means  using  materials  with  large  electro- 
acoustic coupling  constants  («f). 

The  electroacoustic  transformer  in  the  transmission  line 
model  Is  frequency  dependent,  unlike  the  transfonner  in  the 
Mason  model.  The  impedance  varies  as  sine1  (w/u„).  This 
function  decreases  with  co  near  u > ® w0 , so  the  radiation  resis- 
tance tends  to  be  higher  at  the  low-frequency  side  of  reso- 
nance, In  the  range  0.5  < u/w0  <1.5,  the  variation  or  <5 
with  frequency  is  almost  linear.  This  effect  is  detrimental 
to  the  response  of  the  transducer  and  should  be  compen- 
sated, either  by  an  electrical  tuning  network  or  by  weighting 
the  high-frequency  side  of  the  passband  by  suitable  acoustic 
matching.  The  latter  appioach,  suggested  first  by  Goll  |6) , is 
easily  accomplished  by  increasing  the  thickness  of  the  quarter- 
wave  plate  by  a small  amount,  usually  between  4 and  10  per- 
cent. The  amount  of  this  "skewing"  has  been  determined 
empirically  by  trial  and  error  computer  simulation  of  the  input 
impedance  and  insertion  loss  of  the  transducer  in  question. 

The  effect  of  the  quarter-wave  plates  operating  at  a slightly 
lower  frequency  than  the  ceramic  compensates  the  frequency 
dependence  of  the  transformer  turns  utio,  as  can  be  seen  in 
Fig  5 The  result  is  an  ape>  sximately  symmetrical  band- 
shape,  about  a center  frequency  '>0  to  % percent  of  the 
half-wave  resonant  frequency  of  the  ceramic 

The  series  reactance  lumped  element  has  a frequency 
dependence  which  varies  as  (sm  irco/cc0  Vu>:  This  term  is 
always  small  compared  to  the  reactance  of  the  capacitor  C0 
and  can  essentially  be  neglected  in  the  design  ot  <.*.  lave  band- 
width transducers 

The  final  intrinsic  electrical  element  in  the  transmission  line 
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i'ig  5.  Effects  of  Increasing  the  thickness  of  tingle  quarter  plate  4 per- 
cent and  series  inductive  tuninjt  on  clecuirtl  input  impedance,  lead 
metaniobatc  transducer  (1.27  cm  diameter). 


model  is  a capacitor  C0.  representing  the  zero-strain  (clamped) 
capacitance  of  the  piezoelectric  material.  As  we  have  seen,  for 
minimum  insertion  loss,  this  capacitance  must  be  tuned  out. 
This  is  most  easily  accomplished  with  a series  inductance 
tuned  for  zero  reactance  at  the  center  frequency,  a procedure 
which  is  adequate  for  materials  with  large  ky.  Generally , a 
more  sophisticated  tuning  network  would  be  desirable  for 
broader  bandwidth  operation. 

in  all  cases,  the  design  of  an  electrical  matching  network  is 
highly  dependent  on  the  acoustic  termination  of  the  trans- 
ducer. For  the  particular  arrangement  where  the  front  match- 
ing plates  are  chosen  to  be  maximally  flat,  the  total  imaginary 
part  of  the  electrical  input  impedance  is  negative  but  varies 
like  a negative  inductance  over  the  passband.  Therefore,  a 
series  inductance  rathei  than  a parallel  inductance  just  cancels 
the  imaginary  part  of  the  impedance  over  the  entire  passband. 
as  is  discussed  in  Section  A following  (8)  and  as  can  be  seen  in 
Fig.  5.  The  input  impedance  thus  becomes  entirely  teal  over 
the  passband,  as  desired.  An  electrical  transfonner  can  then  be 
employed  to  scale  A’4  up  or  down  to  the  source  impedance  Z0. 
This  is  the  design  technique  employed  for  the  experimental 
transducers  described  in  this  paper. 

A'.  Transient  Rcsp-mse 

A rigorous  method  of  determining  the  transient  response  of 
a transducer  is  to  take  a Laplace  transform  of  the  frequency 
response  as  has  been  done  by  Onoe  |4] . Further  insight  into 
the  pulse  response  can  be  obtained  by  using  paired  echo 
theory  m the  manner  described  by  Sittig  (3) . Here  we  show 
how  the  KIM  equivalent  circuit  can  be  employed  directly  to 
give  some  physical  insight  into  the  natuie  of  the  response. 

In  this  case,  the  series  reactance  C'  seems  to  be  of  more  im- 
portance It  is  better  lepiesented  by  placing  it  on  the  acoustic 
side  of  the  tiansformei  as  shown  m Fig.  0.  The  effective 
reactance  of  this  impedance  now  becomes 
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Fi|.  6.  Modified  tunimiision-Une  model  with  Mfiet  reactance  repre- 
aented  by  open  circuited  quarter-wave  tranamiuion  line. 


Such  a reactance  may  be  represented  by  a transmission  line  of 
length  <f/2  with  a negative  characteristic  impedance  -Zc/ 2,  as 
shown  in  Fig.  6. 

When  the  transformer  is  excited  by  a delta  function  of  cur- 
rent, the  current  at  its  output  can  be  determined  by  taking  a 
Fourier  transform  of  the  function  sine  (to/2u>0)-  This  yields 
a rectangular  pulse  of  current  which  lasts  for  a time  T * 
n /w0  * <ilv„  i.e.,  half  an  RF  cycle  at  the  resonant  frequency 
of  the  transducer.  Physically,  the  transformer  is  representing 
the  fact  that  the  transducer  is  excited  uniformly  along  its 
length. 

Now  consider  what  occurs  when  the  transducer  is  excited  by 
a step  of  voltage  as  illustrated  in  Fig.  7(a).  An  exact  treat- 
ment is  very  difficult.  However,  it  is  apparent  that  the  trans- 
former will  present  a real  impedance.  Therefore,  the  input 
voltage  will  be  differentiated  and  a delta  function  of  current 
will  be  obtained  at  the  output  of  the  transformer,  as  shown  in 
Fig.  7(b).  Suppose  now  each  end  of  the  transmission  line  is 
terminated  by  the  characteristic  impedance  Zc.  The  imped- 
ance at  the  center  point  of  the  transducer,  therefore,  will  be 
Zcl 2 in  series  with  a negative  impedance  -7.cl 2,  due  to  the 
negative  impedance  transmission  line.  Thus  the  delta  function 
of  current  will  excite,  in  turn,  a delta  function  of  current  in 
the  transmission  line.  A delta  function  of  voltage  will  appear 
across  this  transmission  line  as  shown  in  Fig.  7(c).  After  one- 
half  RF  cycle,  a reflected  pulse  will  also  be  emitted  from  the 
quarter-wave  long  negative  impedance  transmission  line  as 
seen  in  Fig.  7(c).  This  will  be  of  opposite  sign  to  the  original 
pulse  because  the  line  is  open  circuited.  These  pulses  will,  in 
turn,  excite  a second  set  of  pulses  across  the  center  terminal  of 
the  acoustic  transmission  line,  as  shown  in  Fig.  7(d),  of 
opposite  sign.  The  output  obtained  will  be  delayed  but 
identical  in  form  to  that  shown  in  Fig.  7(d)  and  is  illustrated 
in  Fig.  7(e). 

The  output  is  represented  by  a series  of  delta  functions. 
However,  as  the  impedance  presented  to  the  input  load  is 
finite,  these  delta  functions  will  be  rounded  off  so  that  a wave- 
form more  like  that  shown  in  Fig.  7(F)  will  be  obtained. 

A similar  argument  can  be  realized  when  the  situation  for  a 
transducer  vi'h  air  backing  is  taken  into  account.  This  will 
give  rise  to  an  extra  reflection  at  the  air  backing,  so  that  the 
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Fi|.  ?.  Impulse  reqionie  of  transducer  showing,  (a)  Step  input  volt- 
age. (b)  Current  it  output  of  transformer,  (c)  Voltage  at  input  of 
negative  impedance  tranmisdon  line,  (d)  Voltage  at  center  of  line. 

(e)  Voltage  at  output.  (0  Voltage  at  output  with  finite  impedance. 

(g)  Voltage  at  output  with  air  backing. 

output  obtained  will  have  the  form  shown  in  Fig.  7(g).  Ex- 
citation by  a delta  function  pulse  can  be  dealt  with,  going 
through  the  same  type  of  analysis;  this  will  give  rise  to  similar 
results  with  slightly  extended  ringing. 

A transient  analysis  of  this  kind  is  limited  in  its  usefulness, 
although  it  can  provide  some  physical  feel  for  the  problems 
entailed.  A more  useful  technique  in  the  long  run  is  to  employ 
a Laplace  or  Fourier  transform  to  analyze  the  transient 
response  of  a transducer  whose  frequency  response  has  al- 
ready been  determined  theoretically  (12]  ■ On  this  basis,  in 
order  to  obtain  as  clean  a response  as  possible,  a Gaussian  out- 
put pulse  is  desired.  But  with  a delta  function  input,  i.e„  a 
narrow  pulse,  this  implies  that  the  Fourier  transform  of  this 
response  in  the  frequency  plane  must  be  a Gaussian  response. 
Thus,  ideally,  the  frequency  response  of  the  transducer  must 
be  chosen  to  have  a Gaussian  shape.  A square  frequency  re- 
sponse is  not  ideal  because,  although  the  bandwidth  may  be 
larger,  it  will  tend  to  give  a time  response  of  the  following 
kind: 

n t 

F(r)  = A cos  u0 1 sine  — (18) 

where  w0  is  the  center  frequency  of  the  transducer  as  before, 
and  n is  its  bandwidth.  As  might  be  expected,  the  addition  of 
a relatively  low  impedance  backing  makes  a difference  to  the 
transient  response,  and,  in  fact,  tends  to  lead  to  a more 
Gaussian  shape  in  the  frequency  response.  Suitable  trans- 
ducers with  reasonable  transient  response  have  been  designed 
by  bearing  this  consideration  in  mind  and  varying  the  backing 
impedance  to  obtain  the  best  impulse  response. 
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Fig.  9.  Schematic  diagram  of  forward  and  backward  acoustic  wave 
amplitudes  at  an  interface. 


Zj(ui)  ^(ui)  * <p^u>) 


Fig.  8.  Reduction  of  a load  impedance  Z[y  through  two  quarter-wave 
plates  of  impedances  Z\ , Zj , to  an  equivalent  load  impedance  and 
phase  shift,  both  functions  of  frequency. 


HI.  Computation  Techniques 

A set  of  computer  programs  has  been  written  to  calculate 
the  electrical  impedance  and  insertion  loss  of  a transducer  as  a 
function  of  frequency,  and  the  impulse  response  as  a function 
of  time,  by  simulating  the  transmission  line  model  of  a trans- 
ducer with  arbitrary  acoustic  loads  and  matching  layers  at 
both  the  front  and  back  acoustic  ports,  and  with  various 
electrical  matching  components.  An  iterative  technique  was 
used  to  refer  the  acoustic  loads  through  the  successive  trans- 
mission line  sections  of  the  model  to  the  center  mode,  as 
shown  in  Fig.  8,  using  the  standard  transmission  line  imped- 
ance transformation  formula  for  each  section.  At  the  same 
time,  the  phase  shifts  through  each  transmission  line  section 
and  at  each  discontinuity  calculated  and  kept  for  use  in  com- 
puting the  transfer  function  of  the  transducer.  Once  the 
transmission  line  sections  had  been  reduced  to  equivalent  elec- 
trical impedance  as  functions  of  frequency , straightforward 
lumped  circuit  calculations  were  used  to  obtain  the  electrical 
impedance  of  the  transducer,  and  the  loss  and  phase  shift 
from  a known  source,  through  an  electrical  matching  network, 
to  the  load  impedance  representing  the  front  load  and  match- 
ing layers.  The  calculation  of  the  phase  shift  thiough  the 
matching  layers  is  made  to  determine  the  full  transfer  function 
as  a function  of  frequency,  which  is  then  Fourier  transformed 
to  give  the  impulse  response. 

A simple  formula  has  been  derived  for  the  phase  shift 
through  a matching  layer.  Consider  an  interface  between 
media  of  impedances  Z0 1 ,Zo2 , as  shown  in  Fig.  9.  if  the  wave 
impedance,  looking  to  the  right  at  the  boundary,  is  Zw,  it  can 
be  shown  that 


^i  _ Zw  E Zq, 
u2  Zw  + Z02 


where  uj , v\  are  forward  wave  velocity  amplitudes.  We  also 
note  that 


iq  _ u|  +vj  _ 2 Zw 

v*=~  = Zw  +Z01  (2I) 

where  uf , uj',  and  ti|  are  the  forward  wave,  backward  wave, 
and  total  amplitude,  respectively.  The  phase  shifts  between 
u*  and  uj  and  the  phase  shift  between  the  forward  wave  and 
the  total  amplitude  are  just  the  phases  of  the  complex  ratio  of 
impedance. 

Since  the  wave  impedance  and  the  two  characteristic  im- 
pedances are  available  for  each  interface  in  turn,  phase  shift  is 
easily  calculated  from  (20).  The  phase  between  the  equivalent 
current  into  the  front  load  line  and  the  forward  going  wave  at 
the  center  node  can  be  determined  from  (21 ). 

IV.  Bxi’erimental  Results 

A 12.7-mm  diameter,  air-backed,  single  quarter-wave 
matched  transducer  was  built  using  lead  metaniobate  as  the 
active  material.  The  parameters  for  the  ceramic,  supplied  by 
Keramos  Corp.,  and  designated  K-81  were  measured  using  the 
technique  of  Bui  et  al  [16]  and  determined  to  be  as  follows: 

*7-  = 0.10;  mechanical  Q,QA  = 24;w0/2rr=  2.06  MHz, 

€33  = 266  e0  ;ZC  = 20.0.  A matching  plate  was  fabricated 
by  lapping  a piece  of  Dow  Epoxy  Resin  332,  hardened  with 
met3phenylene-diamine  to  a thickness  equal  to  a quarter- 
wavelength  at  1 .01  w0.  The  epoxy  had  a characteristic  im- 
pedance of  3.38,  slightly  less  than  the  optimal  maximally 
flat  value  of  3.56. 

The  ceramic  and  epoxy  plates  were  cleaned  in  organic  sol- 
vents, heated  for  several  hours  to  remove  any  absorbed  sol- 
vents, and  assembled  in  a dust-free  laminar  flow  hood.  The 
plates  were  bonded  with  epoxy  under  a nonuniform  pressure 
device,  as  suggested  by  Papadakis  [17],  in  order  to  remove 
trapped  air  bubbles  and  to  insure  a negligibly  thin  bond.  The 
resulting  assembly  was  mounted  into  a plastic  housing.  The 
electrical  impedance  was  measured,  and  later  a 13.9 
series  tuning  inductor  and  BNC  connector  were  added. 

The  input  electrical  impedance  of  the  untuned  transducer 
is  shown  in  Fig,  10(a).  Excellent  agreement  with  the  theoreti- 
cal calculation,  which  includes  the  finite  loss  of  the  ceramic, 
can  be  seen.  The  experimental  electrical  impedance  was 
obtained  using  a Hewlett  Packard  Vector  Impedance  Meter.  It 
can  be  seen  that  the  impedance  is  very  fiat  over  the  passband 
and  slightly  tilted  because  of  the  frequency  dependence  of  the 
electroacoustic  transformer.  No  quarter-wave  plate  "skewing" 
was  used  m this  experiment.  The  imaginary  pari  of  the  imped- 
ance snows  a slight  divergence  fiom  the  theory  al  low  frequen- 
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I ig  10  Comparison  of  cxpcrimcni.il  results  with  theory  for  jingle 
quarter  matched  lead  metaniobate  transducer  (a)  Electrical 
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cies.  This  effect  has  not  been  satisfactorily  explained  yet,  but 
could  be  due  to  two-dimensional  effects  not  taken  into 
account  in  the  one-dimensional  model. 

An  inductor  of  value  15.9/zH  would  be  required  to  tunc  the 
transducer  reactance  at  the  center  frequency.  An  available 
inductor  of  13.9  /aH  was  used.  The  two-way  insertion  loss  of 
this  transducer  was  measured  by  transmitting  an  acoustic 
wave  from  the  transducer,  excited  by  a 50-H  internal  imped- 
ance tone-burst  generator.  The  amplitude  of  the  output  of 
this  generator  into  a SO-fl  load  was  measured  at  each  fre- 
quency, so  as  to  determine  the  available  power.  The  trans- 
mitted energy  was  reflected  off  of  a perfectly  reflecting 
air-water  interface  and  received  by  the  transducer  loaded  by 
the  same  50-0  generator.  A high-impedance  probe  was  used 
to  measure  both  the  transmitted  and  received  electrical 
voltages.  The  two-way  Insertion  loss  was  calculated  by  com- 
paring the  available  transmitted  power  and  the  received 
power  as  a function  of  frequency,  and  was  compared  to  the 
theory,  as  shown  in  Fig.  10(b).  The  round  trip  insertion  loss 
of  the  transducer  was  6.S  dB  at  midband,  compared  to  the 
theoretical  value  of  1 dB.  The  3-dB  bandwidth  is  40  percent, 
as  predicted,  and  the  bandshape  is  flat  over  the  passbnnd,  as 
designed.  The  additional  S.5-dB  loss  of  the  transducer  over 
what  was  predicted  is  thought  to  be  due  to  Internal  losses  in 
the  inductor  and  to  phase  cancellation,  since  the  epoxy 
quarter-wave  plate  was  slightly  wedge-shaped. 

A comparison  of  the  experimental  and  theoretical  impulse 
response  of  'he  untuned  transducer  is  shown  in  Fig.  10(c). 

The  theoretical  impulse  response  was  calculated  by  taking  a 
fast  Fourier  transform  of  the  transducer  transform  function, 
as  previously  described.  The  experimental  results  were  ob- 
tained by  shock  exciting  the  transducer  with  a Panametrics 
Pulscr  (Model  5050PR),  using  a 50-ft  damping  resistor  in  the 
circuit  and  digitizing  the  reflected  echo  off  an  air -water  inter- 
face with  a Biomation  81 00  transient  recorder  sampled  at  a 
rate  of  100  mHz.  As  can  be  seen,  the  agreement  between 
theory  and  experiment  is  excellent. 

A second  transducer  was  designed  using  two  quarter-wave 
plates  on  a 1 2.7  mm  P7.T-5A  disk  of  icsonant  frequency  3.4 
MHz.  Chrome-nickel  electrodes  200  niti  thick  were  sputtered 
onto  the  transducer.  These  electrodes  were  negligibly  thin 
acoustically  at  this  frequency.  This  material  was  found  to 
have  parameters  k ]•  = 0.25.  e * 830  h:0 . and  2C-  = 34. 
measured  using  standard  techniques  | IS) , 1 10) . Two  avail- 
able materials  were  chosen , a light  borosiltcatc  glass  of  im- 
pedance 1 1 .0,  and  an  epoxy  of  impedance  2.9.  Calculations 
indicated  that  a flat  and  broad  bandshape  would  be  obtained 
if  these  plates  were  made  a quarter-wave  thick  at  0.95  of  the 
center  frequency  of  the  transducer;  but  m the  plates  actually 
produced,  the  equivalent  numbers  were  0.94  for  the  glass, 
and  1 .00  for  the  epoxy.  This  5-pereent  error  in  the  thick- 
ness of  epoxy  plate  was  only  I0*jm,  illustiating  the  difficulty 
of  fabrication  of  these  devices. 

The  quarter-wave  plates  weie  bonded  successively  to  the 
PZT-5A  disk  with  a low-vicosity  epoxy,  and  the  assembly  was 
mounted  in  a plastic  housing  containing  a series  inductor  to 
tune  the  impedance  to  a real  value  at  the  center  frequency 
and  an  autotiansfoimcr  to  make  this  value  50  U 
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Fig.  11 . Compuiton  of  experimental  results  with  theory  for  double 
quarter-wave  matched  PZT-5A  transducer,  (a)  Electrical  Impedance, 
(b)  Two-way  insertion  loss,  (cl  Impulse  response. 

The  electrical  impedance  of  the  transducer  was  measured  as 
a function  of  frequency  before  tuning,  and  is  compared  in 
Fig.  1 1(a)  with  the  calculated  values.  After  electrical  match- 
ing, the  round  trip  Insertion  loss  as  a function  of  frequency 
and  impulse  response  were  measured.  The  results  of  these 


Hi*.  12.  Comparison  of  experimental  results  with  theory  for  PZT-4 
transducer  matched  with  high-loss,  high-impedance  backing,  (a)  Elec 
trical  impedance,  (b)  Two-way  insertion  loss,  (c)  Impulse  response. 

measurements  are  compared  to  theory  in  Fig.  1 1(b)  and  (c). 
The  measured  insertion  loss  was  3.2  dBat  3.25  MHz,  and  the 
3-dB  bandwidth  was  ftom  2.0  to  4.2  MHz,  greater  than  one 
octave.  The  impulse  response  was  not  as  compact  as  one 
would  like,  but,  as  the  calculation  shows,  this  was  to  be  ex- 
pected from  the  rather  square  bandshape  of  this  transducer 
design.  Only  about  half  of  the  measured  insertion  loss  of  3.2 
dB  can  be  accounted  for  by  losses  in  the  electrical  compo- 
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nents  and  by  diffraction  of  the  acoustic  beam  from  a piston 
radiator;  the  rest  may  be  due  to  nonuniformities  in  the  epoxy 
quarter-wave  plate  and  to  deviation  of  the  transducer  model 
from  the  single  mode  piston  radiator  model. 

For  comparison,  a simple  disk  transducer  of  PZT-4  was  fab- 
ricated with  no  matching  layers  and  a tossy  tungsten -epoxy 
backing  of  impedance  26.  The  transducer  disk  was  1 2.7  mm 
in  diameter  and  had  a resonant  frequency  of  3.5  MHz.  Its 
Important  material  parameters  were  k\  * 0.24,  e * 730  e0,and 
Zq  * 34.  Tire  impedance,  insertion  loss,  and  impulse  re- 
sponse were  measured  as  before.  No  electrical  tuning  was 
employed,  and  a 5042  source  was  used  with  a distance  of  3.0 
cm  between  the  transducer  and  the  teflector.  These  results 
are  shown  in  Fig.  12(a), (b),  and  (c),  respectively.  In  the  im- 
pedance plot,  note  the  small  value  of  the  resistance  compared 
to  the  reactance  at  the  center  frequency.  As  was  discussed 
earlier,  this  would  lead  to  a high  Q and  narrow  bandwidth 
if  electrical  tuning  was  used.  The  insertion  loss  plot  shows 
the  very  high  loss  and  broad,  smooth  bandshape  characteristic 
of  such  transducers.  The  measured  loss  of  '’4.5  dB  is  close 
to  the  theoretical  value  of  30.2  dB.  The  3-dB  bandwidth  is 
105  percent.  The  outstanding  property  is  the  very  compact 
impulse  response. 

V.  Conclusion 

A design  technique  for  high-efficiency,  broad-band  piezo- 
electric transducers  based  on  the  transmission  line  transducer 
model  of  Krimholtz,  Leedom,  and  Matthaei  has  been  pre- 
sented. Significantly  improved  quarter-wave  matching  tech- 
niques were  demonstrated,  both  theoretically  and  experi 
mentally.  The  method  gives  an  estimate  of  optimum  acoustic 
loading  impedance  for  broad-band  matching,  and  takes  into 
account  the  transmission  line  nature  of  the  piezoelectric  trans- 
ducer. Criteria  for  choice  of  materials  for  transducers  and 
matching  layers  to  achieve  a desired  bandwidth  have  been 
given,  and  the  effects  of  a lossy  backing  on  the  electrical  and 
acoustic  Q' s an  impulse  response  have  been  discussed.  Ex- 
perimental results  have  been  given  for  several  types  of  trans- 
ducers, including  one  with  3.2-dB  round  trip  insertion  loss 
and  65-percent  bandwidth. 
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PIEZOELECTRIC  SHEAR  SURFACE  HAVE  GRATING  RESONATORS 
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Suasnary 

This  paper  describes  a new  type  of  surface  acous- 
tic wave  grating  resonator  in  which  the  particle  dis- 
placement of  the  surface  wave  is  parallel  to  the  sur- 
face. By  contrast,  the  now  well-known  SAW  (Rayleigh 
wave)  grating  resonator  has  its  particle  displacement 
in  the  saggltal  plane. 

In  the  SAW  resonator  the  function  of  the  grating 
structure,  which  consists  of  either  grooves  or  metal 
strips,  is  to  provide  two  highly  reflecting  Rayleigh 
wave  mirrors,  between  which  a standing  wave  is  excited 
by  means  of  an  lnterdigltal  transducer.  The  basic 
function  of  the  grating  in  the  horizontal  shear  (SH) 
type  of  surface  wave  resonator  considered  here  is  quite 
different.  An  SH  surface  wave  cannot  exist  on  a homo- 
geneous (unlayered)  substrate  in  the  absence  of  some 
periodic  variation,  such  as  a grating,  along  the  sur- 
face. That  is  to  say,  the  surface  wave  in  this  case  is 
a vibrational  mode  of  the  grating  Itself.  On  tho  other 
hand,  the  grating  is  now  not  required  to  realize  a high- 
ly reflecting  mirror,  because  the  SH  motion  reflects 
without  spurious  mode  coupling  at  a traction-free 
boundary  placed  in  any  symmetry  plane  of  the  structure. 
For  this  reason  this  new  type  of  resonator  promises  a 
substantial  advantage  in  miniaturization  compared  with 
the  conventional  SAW  resonator. 

SH  surface  wave  resonators  on  PZT-8,  Y-cut  X-pro- 
pagating  LINbO,  and  ST  quart:  have  been  fabricated  and 
tested.  Excitation  was  by  means  of  an  lnterdigltal 
structure  deposited  on  top  of  the  grating  teeth,  and 
the  dimensions  were  chosen  to  give  a resonance  in  the 
region  of  1 to  2 MHz.  The  groove  depth  was  in  Che 
range  of  0.01",  and  it  was  found  thst  the  diamond  saw 
fabrication  technique  used  did  not  provide  adequate 
precision.  Consequently  the  quality  factors  realized 
were  low  (<  J000),  and  use  of  relatively  shallower 
etched  grooves  at  higher  frequencies  is  clearly  called 
for. 

Since  a sufficient  condition  for  the  existence  of 
this  type  of  surface  wave  is  a periodicity  of  the  con- 
ditions along  the  surface,  another  technique  for  trap- 
ping the  wave  at  the  surface  is  deposition  of  an  array 
of  metal  strips. 

Key  words  Resonator,  Grating,  Horizontal  Shear, 
lnterdigltal  Transducer,  PET,  Lithium  Nlobate,  Quartz. 

Introduction 

In  an  earlier  paper1  the  existence  of  a horizon- 
tally polarized  shear  (SH)  surface  wave  on  a corrugated 
substrate  was  demonstrated  by  virtue  of  the  exact  ana- 
logy between  this  elastic  wave  problem  and  the  corres- 
ponding electromagnetic  problem.  An  extensive  litera- 
ture exists  for  the  latter  case  and  the  solutions  given 
were  found  to  be  in  good  agreement  with  experimental  re- 
sults obtained  for  shear  surface  waves  on  a corrugated 
aluminum  substrate.  Observations  were  made  by  fabrica- 
ting a finite  length  of  corrugated  surface  (or  grating) 
and  measuring  the  transmission  resonances  with  thick- 
ness shear  transducers  bonded  to  the  ends  of  the  finite 
length  of  grating.  The  surface  nature  of  the  wave  was 


confirmed  by  measuring  gratings  on  substrates  of  dif- 
ferent depths. 

Although  previous  experiments  confirmed  the  ap- 
plicability of  the  electromagnetic  solutions  to  the 
elastic  wave  problem,  the  transducers  used  excited 
both  the  surface  wave  of  the  grating  and  thickness 
waves  of  the  substrate.  The  mode  spectrum  was  there- 
fore cluttered  with  many  spurious  responses  and  en- 
tirely unsuitable  for  resonator  applications.  The  pre- 
sent paper  describes  an  investigation  of  SH  surface 
wave  resonances  on  piezoelectric  substrates.  Efficient 
selective  excitation  of  the  grating  is  then  achieved  by 
suitably  choosing  the  substrate  orientation  and  deposi- 
ting a transducer  electrode  on  top  of  each  tooth.  As 
will  be  seen,  individual  resonant  modes  of  a finite 
length  of  grating  may  be  excited  by  suitably  choslng 
the  distribution  of  voltages  applied  to  the  electrode 
array. 

It  should  be  pointed  out  that  the  SH  surface  wave 
considered  here  is  Intimately  related  to  the  surface- 
skiaming  shear  wava.*>5  The  latter  wave  or,  more  pro- 
perly, radiation  pattern  consists  of  a horizontally 
polarized  shear  elastic  vibration  skinning  along  the 
surface  and  slowly  diffracting  into  the  substrate. 
Diffraction  losses  are  determined  by  the  vertical  di- 
rectivity of  the  lnterdigltal  transducer  (IDT)  used 
for  excitation.  Consistent  with  the  analogy  of  the  IDT 
as  an  end-fire  antenna  array,  the  radiation  pattern  is 
sharpened  and  diffraction  losses  are  reduced  by  in- 
creasing the  length  of  the  IDT.  Addition  of  a grating 
structure  to  the  surface  permits  the  existence  of  a 
genuinely  bound  SH  wave,  which  travels  at  a velocity 
slower  than  that  of  a bulk  SH  wave.  If  the  IDT  is 
suitably  designed  to  synchronize  with  this  bound  wave, 
as  in  the  case  of  a Rayleigh  wave  transducer,  there 
will  be  essentially  no  diffraction  loss  into  the  sub- 
strate. 

SH  Waves  on  an  Infinite  Grating 

One  way  of  picturing  an  SH  grating  vibration  is 
to  imagine  it  as  evolving  from  the  standard  tuning 
fork  resonator  shown  in  the  upper  left  of  Fig.  1.  An 
analogous  type  of  tuning  fork,  in  which  the  arms  move 
in  face  shear,  is  shown  on  the  right.  Stacking  of  a 
number  of  these  resonators  in  an  array  leads  to  the 
tuning  fork  grating  shown  at  the  bottom  of  the  figure, 
in  which  the  dashed  lines  are  traction-free  surfaces. 
The  basic  SH  grating  (Fig.  2)  evolves  from  this  as  the 
dimension  is  extended  to  infinity  along  the  particle 
displacement  direction  and  the  individual  supports  are 
replaced  by  a continuous  substrate.  With  a fixed 
tooth  spacing  d , the  frequency  increases  with  de- 
creasing length  of  the  teeth,  just  as  in  the  case  of 
the  original  tuning  fork.  The  grating  configuration 
provides  a means  for  realizing  a tuning  fork  type  of 
resonance  at  frequencies  where  a single  fork  becomes 
too  small  to  fabricate  and  mount. 

Because  the  spatial  period  of  the  vibration  in 
Fig.  2 is  2d  the  displacement  field  in  the  substrate 
can  be  written  as  the  Fourier  series  shown  in  the  fig- 


ure, where 


is  the  amplitude  of  the 


Fourier 


component  and  the  Y exponential  coefficient 
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related  to  the  wavelength  of  a bulk  ahear  wave  by  the 
equation  on  the  line  below.  It  follows  from  this  that 
7 is  real  when  2d  is  less  than  s bulk  shear  wave- 
length. In  this  case  all  of  the  Fourier  canponents  de- 
cay exponentially  into  the  substrate  - that  is,  the 
■otion  is  a surface  vibraticn  bound  to  the  grating. 

This  argument  does  not,  of  course,  prove  the  existence 
of  such  a vibration,  but  its  existence  has  already  been 
demonstrated  analytically  in  the  case  of  the  analogous 
electromagnetic  problem. ^>5 

The  vibration  shown  in  Fig.  2,  which  has  a phase 
shift  of  7T  from  one  grating  tooth  to  the  next  (the 
7r-mode) , is  only  one  of  many  that  can  exist  on  this 
periodic  structure.  In  the  previous  discussion,  the 
grstlng  was  regarded  as  essentially  an  infinite  array 
of  tuning  forks.  Alternatively,  one  may  look  at  the 
teeth  as  sn  srray  of  csntilever  supported  face  ahear 
plate  vibrators  that  are  lightly  coupled,  one  to  the 
next,  through  the  substrate.  The  vibration  spectrum 
consists  of  a continuous  distribution  of  coupled  modes, 
analogous  to  the  modes  of  a periodically  mast-loaded 
vibrating  string.  In  this  case  the  phase  shift  frcni 
section  to  section  is  related  to  a continuous  wave  num- 
ber k « 2n/*  , which  takes  the  value  ir/d  for  the 
rr-mode  discussed  above  (Fig.  3), 

As  shown  in  References  1>  and  5 the  relationship 
between  iu  and  k for  this  grstlng  surface  wave  has 
the  same  form  sa  for  waves  on  the  periodically  loaded 
string.  The  frequency  of  the  ir-mode  (k  ■ rr/d  in  Fig. 
3)  corresponds  to  the  lower  edge  of  the  stop  band. 

Above  this  frequency  the  surface  wave  is  nonpropagating 
(or  cut-off).  As  the  depth  of  the  grating  grooves  is 
decreased,  the  frequency  of  the  7T-mode  Increases  until 
the  Vshear  line  is  reached.  This  corresponds  to  the 
surface-skimming  shear  wave  discussed  above.  In  the 
so-called  slow  wave  region  below  this  line  the  solution 
is  always  a surface  wave. 

It  should  be  emphasized  that  very  little  slowing 
Is  required  to  produce  a well-confined  surface  wave, 

A Rayleigh  wave,  for  example,  has  a phase  velocity  that 
is  only  some  five  percent  below  the  bulk  shear  velocity 
but  is  confined  to  a depth  less  than  a shear  wavelength. 
One  needs,  therefore,  only  a shallow  grating  to  trap 
the  SH  wave  on  the  surface. 

Finite  Grating  Resonators 

To  produce  a standing  surface  wave  resonance  the 
grating  structure  must  be  terminated  in  a pair  of 
mirror  reflectors.  In  the  standard  SAW  resonator  these 
mirrors  are  realized  by  long  (several  hundred  periods) 
grating  arrays  designed  to  operate  in  the  cut-off  re- 
gion. For  the  SH  surface  wave  resonator  this  is  not 
necessary.  A mirror  can  be  realized  by  terminating  the 
grating  in  a suitably  located  traction-free  boundary. 

In  the  case  of  the  rr-mode  this  is  easily  seen  by  exam- 
ining Fig.  2,  where  the  particle  displacement  is  along 
x and  varies  with  y and  z . From  the  symmetry  of 
the  vibration  one  has  that  the  displacement  u is 
maximum  with  respect  to  the  z variation  at  the  plane 
denoted  by  a dashed  line  in  the  figure.  This  means 
that  the  strain  component  Sxz  and  the  stress  com- 
ponent T are  zero  on  this  plane.  Since  u is  a 
function  only  of  y and  z , the  stress  components 
Ty,  and  Tzz  are  also  zero  - just  the  conditions  re- 
quired for  a traction-free  boundary,  which  acts  as  a 
perfect  mirror.  By  further  symmetry  arguments  one  can 
show  that  the  same  boundary  conditions  acts  as  a per- 
fect mirror  for  a surface  wave  witn  any  wavenumber 
k . 

Figure  U gives  the  profile  of  an  N section  re- 
sonator contained  between  two  such  mirror  reflectors. 


As  in  any  standing  wave  resonance,  the  resonance  con- 
dition is  that  the  length  L be  Integral  number  n 
of  half  wavelengths  or,  equivalently,  that  k *>  nrr/ND  . 
For  a 10-section  resonator  there  are  therefore  ten 
modes  of  resonance,  with  frequencies  determined  from 
the  dispersion  diagram  by  the  construction  shown  on  the 
figure.  A particular  mode  may  be  excited  by  applying 
the  corresponding  distribution  of  voltages  to  the 
electrodes  located  on  the  tops  of  the  teeth.  Our  ex- 
periments have  been  performed  on  the  7r~oode  in  which 
alternate  electrodes  are  excited  l6o°  out  of  phase,  as 
in  a conventional  IDT. 

We  have  fabricated  and  tested  three  SH  grating 
resonators  with  groove  profile  dimensions  as  given  in 
the  upper  left  of  Fig.  it  and  resonant  frequencies  for 
the  7T-mode  In  the  range  of  1 to  2.5  MHz.  The  resonator 
proper  is  defined  by  an  electroded  region  on  the  top 
surface  of  a grooved  block,  large  enough  to  eliminate 
edge  effects  and  to  permit  probing  of  the  vibration 
pattern  outside  the  electrode  region  by  means  of  small 
rubber  damping  pads.  The  grooves  were  first  cut  with 
a diamond  saw,  the  top  surface  and  reflecting  edges 
were  then  polished,  the  electrodes  deposited  and  the 
gold  wire  leads  attached. 

In  these  initial  experiments  no  attempt  was  made 
to  polish  the  Inside  of  the  grooves.  As  will  be  seen, 
this  leads  to  problems  with  resonance  broadening  and 
coupling  Into  spurious  modes  due  to  grating  nonunlfor- 
mlty  and  surface  roughness.  It  is  clear  that  the  best 
way  to  make  these  structures  is  by  deep  etching  tech- 
niques.^ 

The  Importance  of  groove  depth  uniformity  is  clear 
from  the  dispersion  curves  in  Fig.  h,  where  it  is  seen 
that  the  frequency  of  the  n-mode  is  strongly  dependent 
on  the  groove  depth  h . Nonuniform  groove  depth 
therefore  causes  different  parts  of  the  grating  to  re- 
sonate at  different  frequencies.  This  effect  was  ob- 
served in  some  of  our  gratings,  where  the  vibration 
was  found  by  mechanical  probing  to  be  localized  in  a 
small  region  of  the  grating.  Tighter  tolerances  on 
the  fabrication  procedure  were  found  to  reduce  this 
effect.  It  appears  from  these  results  that  the  reso- 
nance could  be  confined  to  a desired  region  of  the 
surface  by  deliberately  tailoring  the  depth  profile  of 
the  grooves. 

Mechanical  probing  of  the  resonators  with  small 
rubber  pads  confirmed  the  surface  wave  nature  of  the 
vibration  and  also  demonstrated  a lateral  confinement 
of  the  vibration  to  the  electroded  region.  A lateral 
decay  distance  of  the  order  of  1 cm  was  observed  out- 
side the  electroded  region.  This  is  due  to  mass  load- 
ing by  the  electrodes,  which  effectively  increases  the 
depth  of  the  grooves  under  the  electrodes.  Because  of 
this  lateral  confinement  transverse  modes  are  also  ob- 
served, as  in  standard  SAW  resonators. 

PZT-8  Ceramic  Resonator 

The  insert  of  Fig.  5 shows  a highly  schematic  re- 
presentation of  the  resonator  geometry.  Poling  is  in 
the  directiai  indicated  by  the  heavy  arrow.  Since  it 
is  not  possible  to  pole  over  a 5"  length,  the  block 
was  fabricated  from  six  1/2"  pieces  carefully  ground 
and  bonded  together  with  epoxy.  No  repolishing  was 
performed  after  sawing  the  grooves,  and  the  groove 
depth  was  measured  to  be  approximately  five  percent 
greater  at  the  left  end  of  the  grating  than  at  the 
right.  When  the  two  halves  of  the  grating  were  excited 
independently,  different  resonant  frequencies  were  ob- 
tained - as  expected,  the  lower  frequency  correspond- 
ing to  the  larger  groove  depth. 
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figure  5 show*  the  measured  Input  Impedance  char- 
acteristics for  the  entire  grating  - the  small  peak  at 
1.120  NHt  corresponding  to  the  deep  end  of  the  grating. 
A variation  of  groove  depth  In  the  order  of  five  per- 
cent corresponds  to  a frequency  variation  In  the  order 
of  one  percent.  The  estimated  resonator  Q la  of  order 
203,  compared  with  a material  Q of  order  1*00  determined 
by  pulse  echo  measurements  in  a large  block. 

We  have  also  tested  the  same  geometry  as  a Ray- 
leigh wave  grating  resonator,  with  the  poling  In  the 
vertical  direction  In  Fig.  5.  As  anticipated  the  Q Is 
much  lower  (of  order  50)  because  traction- free  bound- 
aries do  not  act  as  good  mirrors  for  Rayleigh  wave 
motion. 

Y-X  Lithium  Nlobate  Resonator 

A lithium  nlobate  resonator  was  made  In  order  to 
more  clearly  Isolate  the  effects  of  surface  roughness 
and  resonator  geometry  on  the  Q-factor.  As  shown  In 
Fig.  6 a resonator  of  somewhat  different  dimensions  was 
made  on  a single  crystal  block,  using  the  same  fabrica- 
tion method.  The  top  surface  Is  Y-oricnted  and  the 
grooves  are  along  Z . By  cutting  the  grooves  before 
polishing  the  top  surface  and  finishing  afterwards, 
grooves  with  clean  upper  corners  were  obtained.  They 
were,  however,  very  fragile  and  had  to  be  handled  with 
great  care. 

The  Impedance  curve  In  tha  figure  is  for  an  unsup- 
ported sample  and  exhibits  a very  dense  spectrum  of 
spurious  bulk  modes  In  the  region  of  the  matn  and 
transverse  surface  wave  resonances.  Appearance  of 
strong  spurious  modes  only  in  the  region  of  surface 
wave  resonance  Indicates  that  the  spurious  coupling  ts 
through  mechanical  Imperfections  of  the  grating  and  not 
directly  from  the  electrodes. 

Figure  7 shows,  on  the  same  scale,  the  Impedance 
characteristics  after  glueing  the  ends  of  the  lithium 
nlobate  block.  The  bulk  modes  are  now  strongly  sup- 
pressed, although  some  spurious  Is  still  apparent  near 
to  two  transverse  resonances  on  the  high  frequency  aide 
of  the  main  resonance.  There  Is  now  a strong  surface 
wave  resonance  with  a maximum  Impedance  of  J00  kll  , and 
Figs.  8 and  9 show  that  the  maxim***  spurious  response 
over  the  range  from  1 to  7. 5 MBs  Is  1*  kil  . 

Figure  10  gives  on  a logarithmic  scale  the  de- 
tailed Impedance  response  In  the  vicinity  of  the  re- 
sonance and  antiresonance  points.  Because  of  the 
Urge  number  of  spurious  modes  near  the  series  reso- 
nance point,  It  is  not  possible  to  calculate  the  Q by 
the  standard  procedure,  but  It  Is  estimated  to  be  not 
more  than  2000.  This  very  low  value  Is  clearly  due  to 
the  energy  loss  coupled  into  a Urge  number  of  bulk 
nodes  and  subsequently  dissipated  In  the  supports, 
Further  precision  In  grating  fabrication  ts  obviously 
called  for, 

ST  Quarts  Resonator 

Figure  11  shows  the  geometry  of  a grating  resona- 
tor on  a 39*3°  "ST"  quarts  plate  with  the  grooves  along 
the  X direction.  Note  that  the  thickness  of  the  sub- 
strate Is  much  less  than  In  the  other  examples.  Al- 
though the  resonator  Is  unmounted  the  spurious  mode 
response  Is  small  compared  with  the  lithium  nlobate 
case,  and  the  response  Is  clean  outside  the.  10  KHz  fre- 
quency range  shown. 

As  In  the  PZT  resonator  the  low  frequency  peak  Is 
attributed  to  nonuntforratty  of  groove  depth.  Since 
this  second  peak  occurs  very  close  to  the  main  series 
resonance  point,  It  Is  not  possible  to  arrive  at  an  ac- 


curate evaluation  of  0.  We  estimate  a value  In  the  or- 
der of  3000. 

Conclusions 

In  summary,  we  have  experimentally  verified  tho 
surface  character  of  $U  vibrations  on  deep  grating 
structures  and  have  measured  aome  of  the  properties  of 
grating  resonators  of  this  type  operating  on  PZT-8,  YX 
l 1th Inn  nlobata  and  ST  quartt  In  the  frequency  range  of 
1 to  2 MHe.  Q-factors  obtained  arc  low,  not  more  than 
3000.  This  Is  due  In  pert  to  technical  difficulties  In 
accurately  end  uniformly  febr testing  the  large  grooves 
required  at  these  low  frequencies  end  In  pert  to  mode 
scattering  due  to  the  effect  of  substrate  enlsotropy 
on  the  behavior  of  the  traction-free  reflector  sur- 
faces. 

Tha  fabrication  problems  encountered  point  up  the 
need  to  study  shallower  grating  resonators  operating 
at  higher  frequencies.  As  pointed  out  earlier,  only 
a small  amount  of  slowing  is  needed  to  trap  the  S't  vi- 
bration on  the  surface,  end  the  grooves  need  only  be  a 
small  fraction  of  a wavelength  In  depth.  Since  the 
periodicity  neoded  for  wave  trapping  may  also  bo  in- 
duced by  periodic  boundary  conditions  on  the  surface, 
an  attractive  alternative  Is  mass-loading  or  electri- 
cal short  circuit  strips  deposited  on  the  substrate 
surface. ^ 

The  major  potential  advantage  of  tho  SH  grating 
resonator  over  the  standard  SAW  structure  Is  in  Its 
small  tlse.  Because  the  grating  ttaelf  docs  not  serve 
as  a mirror,  only  a small  number  of  periods  Is  re- 
quired. Also,  the  presence  of  a spectrum  of  resonator 
modes  that  can  be  selected  by  appropriate  coding  of 
the  applied  electrode  voltages  suggests  the  possibility 
of  small  multipole  monolithic  filters  at  very  high  fre- 
quencies. 
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RESONATOR  GEOMETRY 
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FIGURE  6,  Impedance-frequency  response  of  -Y-oriented 
X-propagating  LINbO,  grating  resonator, 
thoulng  a dense  spectrum  of  spurious  bulk 
resonances  superposed  on  the  main  and  trans- 
surface wave  resonances,  Area  of  the  elec- 
troded  region  (not  shown)  Is  0.125"  X 0.625". 


•FIGURE  7 . Same  as  Fig.  6,  but  with  ends  of  the-aub- 
•trate  glued  to  luclte  supports.  Note  the 
two  transverse  mode  resonances,  with  super- 
imposed spurious  resonances,  on  the  high 
frequency  side  of  the  main  resonance. 
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FREQUENCY  IN  MHi 

Impedance- frequency  curve  of  the  LlNbO^  grating,  showing  the 
peak  of  the  main  resonance  and  a wider '’port  ion  of  (he  eklits. 
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FIGURE  9.  Illustration  o(  the  apurioua  mode  response 
between  1 KHi  and  3.5  Mil*,  Measurements  out 
to  7,5  MH*  showed  a maximum  spurious  impn- 
danc#  peak  of  ikflover  thi*  frequency  range 


FIGURE  10,  logarithmic  Impedance  curve  In  the  vicin- 
ity of  the  resonance  and  antlreaonance 
points. 
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Fig,  11  Impedance- frequency  curve  of  unmounted  quart*  grating  on  a 

39.5'  "ST"  plate. 


Phase  imaging  in  reflection  with  the  acoustic  microscope 
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When  a polished  surface  of  a single  crystal  is  examined  with  a converging  acoustic  beam  the  reflected 
signal  has  a characteristic  response  that  is  dependent  upon  the  elastic  properties  of  the  reflecting  surface. 

This  property  can  be  used  in  the  acoustic  microscope  to  monitor  the  thickness  of  layers  deposited  on  these 
surfaces  and  the  small-scale  variations  of  the  elastic  parameters  in  these  materials. 

PACS  numbers:  43.20.Fn,  43.35. Yb.  43.35.Sx,  68.25. +j 


In  our  studies  of  the  acoustic  reflections  from  smooth 
surfaces  of  single  crystals  we  have  learned  that  various 
materials  have  a characteristic  response  determined  by 
the  elastic  properties  of  the  surface  itself.  We  use  the 
acoustic  microscope  to  monitor  this  effect.  We  have 
determined  that  metallic,  or  dielectric  layers,  deposit- 
ed on  these  surfaces  alter  this  response  in  such  a way 
that  we  can  determine  the  thickness  of  these  layers  and 
locate  some  of  the  subsurface  defects. 

In  the  microscope1  we  use  a strongly  converging  beam 
normally  incident  to  the  liquid -solid  interface  at  the 
surface  of  the  object.  It  has  been  our  usual  practice  to 
record  micrographs  with  the  sample  surface  at  the  focal 
point  of  the  beam.  There  the  beam  is  more  or  less 
collimated  and  the  returning  signal  has  a maximum 
value.  The  details  and  contours  of  the  surface  are 
portrayed  with  moderate  contrast,  as  expected  from 
conventional  imaging  theory.  What  is  unexpected,  at 
least  to  us,  is  the  fact  that  the  smooth  surfaces  with 
different  elastic  parameters  generate  reflected  signals 
that  have  a distinct  characteristic  for  each  material. 
This  distinction  shows  up  when  the  sample  is  translated 
along  the  axis  of  the  beam  toward  the  lens.  There  we 
find  important  differences  in  the  profile  of  the  reflected 
beam  as  compared  to  the  mirrorlike  reflections  from  a 
rigid  surface. ; At  this  interface  the  velocity  difference 
is  large,  the  critical  angles  are  small,  and  much  of  the 
incident  energy  is  totally  reflected,  fn  atia!\/mg  this 
problem  we  decompose  the  incident  beam  into  an  angular 
spectrum  of  plane  waves  with  incident  angles  extending 
from  0 (normal  incidence)  to  50  (the  half -width  of  the 
beam)  Those  rays  with  m undent  angle  that  is  larger 
than  the  critical  aivKs  undergo  total  internal  reflection. 
They  are  reflected  with  an  amplitude  equal  to  that  of  the 
incident  ray  and  with  a phase  shift  that  is  determined 
by  the  ratio  of  the  incident  angle  to  the  critical  angle. 
These  pnase  shifts— known  as  the  Goos -Hanchen  shifts 
in  optics'— alter  the  focal  properties  of  the  returning 
beam  in  a way  that  is  unique  to  each  material.  The 
relative  phase  shifts  for  the  totally  reflected  rays  will 
change  in  the  presence  of  a thin  film  at  the  interface 
and  this  too  can  be  easily  observed  at  the  output  of  the 
transducer  We  believe  that  this  mechanism  can  be 
used  to  explain  the  reversals  in  in.age  contrast  ihat 
have  been  observed  by  Wilson1  in  acoustic  micrographs. 

The  geometry  for  the  reflection  microscope  is  depict- 
ed in  Fig  1.  There  element  1 is  the  piezoelectric 
transducer.  It  serves  to  convert  the  rf  voltage  across 
the  film  into  a plane  wave  of  sound  propagating  normal 
to  the  tilm.  As  a receiver  for  the  wave  reflected  from 


the  sample  it  is  sensitive  to  the  phase  of  the  returning 
wave.  The  output  voltage  is  equal  to  the  acoustic  field 
of  the  returning  pulse  as  integrated  over  the  area  of  the 
transducer —an  important  feature  of  our  system  since 
we  monitor  and  display  the  voltage  amplitude,  V.  Ele- 
ment 2 is  the  acoustic  lens  which  serves  to  focus  the 
plane  wave  from  the  transducer  into  a waist  at  the  focal 
point.  Element  3 is  the  reflecting  object  that  we  want  to 
characterize  by  translating  this  object  along  the  z axis. 
Finally,  we  note  that  we  use  a 4 -nsec  pulse  at  the  input 
and  include  a circulator  to  separate  the  input  from  the 
output.  We  also  use  time  gating  to  separate  the  pulse 
reflected  from  the  object  from  other  spurious 
reflections. 

We  monitor  the  amplitude  of  the  transducer  voltage 
and  record  it  as  V’(z)  in  order  to  distinguish  this  dis- 
placement along  the  axis  of  the  beam  from  the  lateral 
scanning  that  is  used  to  record  conventional  acoustic 
micrographs.  The  z coordinate  is  measured  from  the 
focal  point  and  positive  values  correspond  to  lens- 
object  spacings  greater  than  the  focal  length. 

These  curves  for  V{z)  combine  both  the  transducer 
response  and  the  reflection  characteristic  of  the  object. 
We  can  separate  these  and  analyze  the  transducer  re- 
sponse by  first  assuming  that  the  object  is  a rigid  sur- 
face. The  incident  wave  does  not  penetrate  the  inter- 
face of  such  an  object  and  at  is  reflected  as  a mirror 
image.  For  this  reflector  the  rf  voltage  across  the 
transducer  will  reach  its  maximum  value  when  the 
reflector  is  placed  at  the  focal  plane  ( z -0).  When  the 
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FIG,  1.  Thu  geometry  of  the*  acoustic  transducer  and  Un-  i~ 
used  for  the  reflection  inode  of  the  acoustic  microscope. 
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sample  spacing  is  decreased  (negative  z)  the  reflected 
wave  reaches  the  transducer  in  the  form  of  a spheri- 
cally diverging  wave.  There  the  transducer  is  excited 
with  alternating  regions  of  positive  and  negative  phase 
and  the  integrated  response  is  reduced.  Similarly,  the 
transducer  response  is  reduced  when  the  sample 
spacing  is  increased  for  then  the  reflected  wave  at  the 
transducer  is  a converging  spherical  wave.  If  we  ne- 
glect the  transducer-lens  spacing  and  assume  that  the 
system  is  lossless,  we  can  work  out  a simple  expres- 
sion for  1'U).  It  is  of  the  form  sin[ir(K//)3a/X;,][ir(/?/ 
f)2z/ Ao)'1.  The  terms  are  defined  in  Fig.  t.  For  that 
lens  this  function  with  a maximum  at  z = 0 has  a null 
at  ^ = (//ft)?A0=:(1.13i'0/O.7)-0)IA()  = 2.6A0.  The  rigid 
reflector  model  has  been  used  by  both  Weglein  and 
Kompfner5  to  explain  the  contrast  reversals  that  have 
been  observed  in  micrographs  of  integrated  circuits. 1 
This  model  is  inadequate  since  different  elastic  mate- 
rials produce  the  same  response  and  this  does  not  con- 
form to  our  observations.  The  rigid  model,  therefore, 
needs  to  be  replaced  with  a reflector  that  is  elastic. 

We  can  modify  the  relation  for  V{z)  given  above  by 
calculating  the  correct  value  for  the  reflectivity  of  the 
actual  object.  We  begin  as  before  by  decomposing  the 
incident  beam  into  an  angular  spectrum  of  plane  waves. 
Each  of  these  plane  waves  is  incident  upon  the  interface 
with  a different  angle  and  we  evaluate  the  amplitude  r 
and  the  phase,  y/,  of  the  reflectivity  coefficient  as  a 
function  of  0,  the  angle  of  incidence.  Plots  of  these 
two  parameters  for  some  simple  crystals'5  immersed 
in  water  are  shown  in  Fig.  2.  We  can  see  that  the 
amplitude  of  the  reflectivity  coefficient  is  slightly  less 
than  unity  when  the  incident  angle  is  less  than  the  criti- 
cal angle  and  it  is  equal  to  unity  for  incident  angles 
greater  than  the  critical  angle.  The  structure  in  this 
curve  corresponds  to  the  excitation  of  various  inodes 
in  the  solid. 1 It  need  not  concern  us  since  most  of  the 
euert  v is  returned  toward  the  lens.  We  are  concerned, 
howevc,  with  the  phase  of  the  reflected  rays.  Those 
rays  witi  small  incident  angles  are  reflected  with  a 
zero  phase  shift,  while  those  rays  with  large  incident 
angles  are  reflected  with  a phase  shift  that  approaches 
2tt.  The  information  is  contained  m the  phase  ol  the  re- 
flected components,  and  with  different  materials  and 
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FIG.  3.  The  I'U)  curves  representing  the  transducer  output 
versus  the  lens-object  spacing,  z.  The  dotted  points  are  the 
measured  response  at  750  MHz.  The  dashed  curves  are  from 
the  computer  program  which  includes  loss  in  the  liquid.  The 
roltd  curves  come  from  the  paraxial  ray  equations  with  a 
lossless  fluid. 
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FIG.  2,  The  reflectivity  for  the  labeled  surfaces  as  a function 
of  sinO  where  0 is  the  angle  of  incidence  for  plane  waves.  The 
reflection  coefficient  Is  given  by  >'e.\p(j«>).  The  amplitude  and 
phase  are  plotted  separately. 


different  layering  both  the  critical  angle  itself  and  the 
slope  of  the  curve  are  altered. 

These  curves  for  the  reflectivity  coefficient,  ampli- 
tude, and  phase  are  used  to  characterize  each  surface 
and  they  are  used  in  calculating  the  response  of  the 
output  transducer.  A computer  program  has  been 
written  for  this  purpose  and  the  computed  curves  for 
the  [our  materials  given  in  Fig.  2 are  shown  as  the 
dashed  lines  in  Fig.  3.  We  have  also  used  the  paraxial 
rax  approximation  as  a second  approach  to  calculate  the 
F(z)  curve.  There  we  assume  that  all  of  the  waves  in 
the  Fourier  decomposition  intersect  the  z axis  with  a 
small  angle.  In  a number  of  cases  this  gives  a closed- 
form  expression  which  adds  a great  deal  to  our  physical 
insight.  The  calculated  curves  from  the  paraxial  ray 
equations  are  shown  as  the  solid  lines  in  Fig.  3.  The 
acoustic  loss  of  the  liquid  has  been  neglected  in  these 
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curves.  The  measured  results  in  Fig.  3 were  recorded 
using  a crystal  with  a transducer -lens  spacing  of  1.25 
mm  and  the  diffraction  spreading  of  the  beam  over  this 
length  degrades  the  illumination  of  the  lens.  We  suspect 
that  this  is  the  reason  for  the  agreement  between  the 
paraxial  ray  equations  and  some  of  the  experimental 
curves. 

We  have  found  in  this  study  that  the  acoustic  micro- 
scope can  be  used  in  conjunction  with  the  axial  transla- 
tion of  the  sample  to  study  the  elastic  properties  of  the 
surface  on  a dimensional  scale  that  measures  1 p in 
the  lateral  direction  and  1 p in  depth.  We  believe  that 
the  information  as  gathered  in  this  manner  should  be 
useful  in  studying  subsurface  defects,  identifying  dif- 
ferent constituents  th„.  make  up  the  surface  in  complex 
alloys,  and  in  monitoring  the  layer  thickness  in  fabri- 
cated microstructures.  Although  we  have  included  no 
images  here  these  curves  do  influence  that  work  since 
small  variations  in  the  elastic  parameters  are  more 
easily  seen  in  the  micrographs  when  the  / -axis  position 
coincides  with  the  minimum  of  the  curves  of  Fig.  3, 

We  want  to  express  our  appreciation  to  both  R.G. 
Wilson  and  P.  K.  Tien  for  discussing  their  work  with 
us  prior  to  publication.  This  work  was  supported  pri- 
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A VUV  and  soft  x-ray  light  source  based  on  spontaneous  anti- 
Stokes  scattering  from  atomic  population  stored  in  a meta- 
stable level  is  described.  Unique  properties  of  this  source 
include:  narrow  linewidth,  tunability,  linear  polarization, 
picosecond  time  scale,  and  quite  high  spectral  brightness. 

We  show  how  the  maximum  source  brightness,  within  its  narrow 
linewidth,  is  that  of  a blackbody  at  the  temperature  T of 
a metastable  storage  level.  Experimental  results  showing 
laser  induced  emission  at  5^9  X and  637  £ from  a He  glow 
discharge  are  described.  The  use  of  the  anti -Stokes  process 
for  direct,  internal  energy  transfer  from  a storage  species 
to  a target  species  is  discussed. 


5 

1 
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In  this  paper  we  discuss  some  of  the  properties  of  a new  type  of  vacuum 
ultraviolet  and  soft  x-ray  light  source  [1,2].  The  source  is  based  on  spon- 
taneous anti-Stokes  scattering  from  atomic  population  which  is  electrically  * 

stored  in  an  appropriate  metastable  level.  The  source  has  several  unique 
properties  which  include:  narrow  linewidth,  tunability,  picosecond  time 
scale  operation,  linear  polarization,  and  relatively  high  peak  spectral 
brightness.  We  will  see  shortly  that  this  peak  spectral  brightness  corres- 
ponds to  that  of  a blackbody  at  the  temperature  T of  the  storage  level. 

A schematic  of  the  anti-Stokes  light  source  is  shown  in  Fig.l. 

< 

* 

Though  anti-Stokes  scattering  is  usually  described  in  terms  of  a spon-  ; 

taneous  scattering  cross  section,  it  is  better  for  our  purpose  to  describe  f 

it  in  terms  of  a spontaneous  emission  rate  A(w)  induced  by  the  laser  pump  1 

field  F._  at  frequency  [3],  This  spontaneous  emission  r^te  at  the  j 

vacuum  ultraviolet  frequency  <0  may  be  written  j 
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The  quantity  Aj^  is  the  Einstein  A coefficient  for  spontaneous  emission 
from  level  (j)  to  level  fl)  . The  lineshape  g(cu  - o^yy)  is  the  con- 
volution of  the  Doppler-  or  pressure-broadened  linewidth  of  the  |l)  - |2) 
transition,  and  is  - uiyjjy  . 
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Fig.l  Schematic  and  energy  level  diagram  for  spontaneous  anti- 
Stokes  light  source.  An  upper  and  lower  sideband  is  obtained. 

We  see  from  (1)  that  as  the  laser  pump  field  becomes  larg?,  the  anti- 
Stokes  emission  rate  approaches  the  Einstein  coefficient  A^i  ; which  at 
fixed  oscillator  strength  f*j  , increases  as  the  square  of  the  VUV  fre- 
quency. The  cross  section  for  spontaneous  scattering  is  related  to  the 
emission  rate  by  osp(tu)  = fri&(u>)/(p/A)  , where  P/A  is  the  incident  laser 
power  density. 
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The  key  to  understanding  and  optimizing  this  light  source  is  the  two- 
photon  absorption  which  is  created  at  the  ultraviolet  frequency  'J<yuv  *n 
the  presence  of  the  laser  pump  frequency  For  the  range  of  laser  power 

densities  of  interest  here,  both  A('»)  and  the  two-photon  absorption  cross 
section  ct((o)  increase  linearly  with  laser  power  density,  and  are  related 
to  each  other  in  the  same  manner  as  are  the  emission  and  absorption  coeffi- 
cients for  single-photon  processes,  i.e.,  cr((o)  = (t\2c2/o£)  k(m)  . 

The  brightness  of  the  light  source,  B(o>)  photons/(sec  cm^  sterradian 
cm-*),  is  determined  by  the  interplay  of  the  emissive  and  absorptive  pro- 
cesses, and  for  an  infinitely  long  cylinder  of  outer  radius  tq  is  given 
by  [1,2]: 


l*7T^c2  [ exp  (ttJ>21/kT)  - lj  | 


It- 


exp  [-  a(<u)(N1  -N2)rQ] 


™ p / ^2iuii  t 

6c2e2fr^  * l a)  - a)  + o') 

C 0 L i ' i VUV  1 VUV 


f 8(“>-aW) 

A 


(mks  units).  T is  the  temperature  of  the  metastable  level,  i.e.,  N2/N1  = 

exp  - (ftngl/kT)  5 Hij  are  matrix  elements;  u>£  are  the  frequencies  of  the 
intermediate  states;  and  Pp/A  is  the  power  density  of  the  pump  laser. 

In  the  (two-photon)  optically  thin  case,  i.e.,  cr(cu) (N^  - N2)r0  « 1 , 

B(«>)  increases  linearly  with  the  laser  power  density  and  is  the  same  as  ob- 
tained from  the  usual  spontaneous  scattering  cross  section  point  of  view. 

As  the  laser  power  density  is  increased  and  the  medium  becomes  nominally 
two-photon  opaque,  i.e.,  cr(u>) (N^  - N2)rg  = 1 , the  brightness  approaches  a 
constant  value  equal  to  that  of  a :)lackbody  radiator  at  the  temperature  T 
of  the  metastable  level.  Once  the  two-photon  opaque  or  blackbody  regime  is 
attained  on  line  center,  the  primary  effect  of  a further  increase  in  laser 
power  density,  cylinder  radius  vq  , or  ground  state  density  is  to  in- 

crease the  emission  linewidth.  The  total  number  of  emitted  photons  continues 
to  increase  slowly,  and  the  brightness  remains  constant. 

Before  proceeding  further,  we  note  that  anti-Stokes  scattering  in  the  VUV 
has  been  observed  by  BRXUNLICH  and  LAMBROPOULOS  [U],  and  has  been  discussed 
by  ZERNIK  [5]  and  VINDOGRADOV  and  YUKOV  [6]. 

Experimental  Results 

In  our  first  experiments  [2]  on  this  type  of  light  source  a glow  discharge 
was  used  to  store  population  in  the  2s' S level  of  He  at  6ol  A £?  166,272  cm"* 
(Fig.  2).  The  cw  He  glow  discharge  was  produced  in  a bo  cm  long  quartz  tube 
with  a cylindrical  hollow  cathode  and  pin  anode  at  opposite  ends.  Typically, 
the  discharge  current  was  120  mA  and  the  pressure  was  about  1 torr.  A 0.9  cm 
long  slit  was  cut  through  the  side  wall  of  the  mm  ID  capillary  and  served 
as  an  input  slit  for  the  VUV  spectrometer.  An  actively  mode-locked  Nd:YAG 
oscillator-amplifier  system  produced  a train  of  mode-locked  pulses,  each  with 
d pulse  length  of  ~ 100  psec.  Approximately  10  pulses  occurred  within  the 
half-power  points  of  the  train  envelope.  The  laser  was  propagated  down  the 
discharge  capillary  tube  and  focused  to  an  area  of  about  5 x 10“ * cm^  and  a 
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The  detection  system  consisted  of  a spiraltron,  a fast  preamplifier,  a 
pulse  height  discriminator,  a coincidence  gate,  and  a counter.  The  coinci- 
dence gate  was  set  to  a width  of  90  nsec  overlapping  the  laser  pulse  train. 
Typically,  10^  counts  were  registered  per  minute  with  a signal-to-noise 
ratio  of  about  100.  The  relatively  low  count  rate  was  a result  of  the 
3 x 10 "9  laser  duty  cycle  and  the  2.5  X 10"®  ratio  of  detected  photons  to 
total  photons  generated.  Since  the  source  linewidth,  even  far  into  the 
blackbody  regime,  was  well  below  the  resolution  of  the  spectrometer,  the 
observed  count  rate  was  proportional  to  the  integrated  brightness,  B h 
/ B((«)  <ko  . 


Using  this  system  we  observed  laser  induced  emission  at  569  X,  637  X,  and 
591  X,  as  well  as  He  resonance  line  emission  at  58^  X,  53?  X,  522  X,  and 
516  X,  The  emission  at  59*  X resulted  from  anti-Stokes  scattering  from  the 
He  2s3s  level,  and  had  an  intensity  of  about  I/50  of  the  569  X radiation. 
Figure  3 shows  the  relative  integrated  brightness  of  the  569  X radiation  as 
a function  of  laser  peak  power  density  for  three  He  pressures.  The  points 
represent  the  average  of  5 one-minute  counting  intervals.  The  solid  curves 
are  theoretical  calculations  of  B . As  described  in  [2],  the  curves  were 
drawn  using  a value  of  the  two-photon  absorption  coefficient  of  ff(<«vuv)  « 
1.8  X 10“2t>  (p  /A)  w/cm^  . The  magnitude  of  each  theoretical  curve  was  de- 
termined by  a least  squares  fit  to  the  experimental  points.  Our  results 
indicate  that  the  ratio  of  metastable  population  to  ground  state  population, 
N2/N1  » 2.6  x 10"5  , which  corresponds  to  a temperature  T = 22, 700°K  . 

These  numbers  were  independent  of  pressure  in  this  range  to  within  ± 5$.  At 
the  highest  power  density  and  pressure  of  Fig.  3,  the  two-photon  source  had 
a laser  induced  optical  depth  of  to^l^Wuv)  ~ 7 > well  into  the  blackbody 
regime . 


The  relative  intensities  of  the  laser  induced  emission  and  the  He  reso- 
nance lines  are  compared  in  Table  I for  a pressure  of  1.6  torr  and  a laser 
power  density  of  600  GW/cm2,  The  instantaneous  count  rate  was  calculated 
from  the  accumulated  count  using  the  laser  repetition  rate  and  either  the 
coincidence  gate  aperture  time  (for  the  resonance  lines)  or  the  effective 
1 nsec  total  laser  on-time.  In  order  to  estimate  the  brightness  we  calcu- 
lated the  linewidth  of  the  537  X and  58^  X resonance  lines  for  our  geometry 
and  pressure.  Based  on  a Voight  profile,  these  are  3*2  cm"*  and  5.6  cm"* 
respectively.  The  linewidth  of  the  laser  induced  emission  for  these  oper- 
ating conditions  was  calculated  as  1.3  cm"*  at  569  X and  1 cm"*  at  637  X. 

The  second  row  of  Table  I also  includes  a geometrical  factor  of  2 to  account 
for  the  larger  effective  radiating  area  of  the  resonance  line  source.  Thus, 
we  estimate  that  the  peak  induced  emission  at  5^9  X is  lho  times  brighter 
than  the  strongest  He  resonance  line.  As  a result  of  its  greater  detuning 
from  the  intermediate  2p*P°  level,  the  brightness  of  the  637  X emission  is 
about  7 times  smaller  than  that  of  the  5^9  X emission. 


One  of  the  key  properties  of  a laser-induced  two-photon  radiator  is  that 
its  geometry  is  dominantly  controlled  by  the  pumping  laser  beam,  instead  of 
by  the  geometry  of  the  discharge.  This  allows  a two-photon  radiator  to  have 
a temperature  characteristic  of  the  interior  of  a plasma  or  discharge.  In  a 
glow  discharge  similar  to  ours,  in  the  interior,  electron  collisions  cause 
the  population  of  the  2p*P  level  to  be  within  a factor  of  three  of  the  2s*S 
population.  However,  it  is  the  exterior  2p*P  level  atoms  which  to  a large 
extent  determine  the  temperature  of  the  single-photon  58**  X radiator.  As  a 
result  of  the  fact  that  these  atoms  are  continuously  radiating,  as  well  as 
due  to  the  lower  electron  density  and  temperature  near  the  walls,  their 
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temperature  may  be  significantly  lower;  thereby  probably  accounting  for  the 
factor  of  1^0  in  relative  brightness  which  we  have  observed.  The  attenu- 
ation and  self-reversal  of  single-photon  radiators  which  results  from  cold 
atoms*  is  also  avoided  in  the  two-photon  radiator. 
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Fig. 3 Relative  integrated  brightness  at  5^9  8 as  a function  of  1 .06  ;uu  laser 
peak  power  density.  The  theoretical  curve  at  each  pressure  was  determined  by 
numerically  integrating  (2);  the  magnitude  was  determined  by  a least  squares 
fit  to  the  experimental  points  at  that  pressure. 


Flashlamp 


>lications 


One  of  the  uses  of  this  type  of  light  source  may  be  as  a flashlamp  for  short 
wavelength  lasers.  To  avoid  the  inefficiencies  of  short  wavelength  optics, 
it  may  be  best  to  mix  the  target  or  lasing  species  directly  with  the  lamp 
species.  For  example,  neutral  potassium  at  a density  of  perhaps  10^* 
atoms/cm*  might  be  mixed  with  He  at  a density  of  about  10^9  atoms/cm^.  The 
mixture  would  then  he  heated  either  electrically  or  by  a CO2  laser  beam. 

At  an  appropriate  time,  an  incident  tunable  laser  pulse  would  cause  the 
generation  of  spontaneous  anti -Stokes  radiation.  This  radiation  would  be 
absorbed  by  the  neutral  potassium,  and  cause  the  production  of  excited-state 
K+.  A simplified  energy  level  diagram  for  this  type  of  interaction  is  shown 
in  Fig,  U,  As  shown  here,  the  anti-Stokes  source  would  be  tuned  to  an  energy 
of  172,732  cm”1  so  as  to  cause  an  inner  shell  transition  from  the  3p^ts  level 
to  the  3p^'s^td  level.  A second  laser  beam  of  energy  greater  than  28,739  cm-1 
would  carry  this  excited  electron  into  the  continuum  causing  the  formation  of 
the  excited  3P^ts  K*  ion.  By  tuning  the  anti-Stokes  source  to  a discrete 
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Table  1 Comparison  of  resonance  line  radiation  and  laser  induced  emission 
at  1.6' torr  and  600  GW/cm^. 


Resonance  Lines 

Laser  Induced 
Emission 

537  X 

581*  X 

569  X 

637  X 

Instantaneous  Count  Rate 

10^  Counts/Sec 

0.8 

32.0 

57 

# 

Estimated  Peak  Brightness 

. _ Photons 

10  2 -1 
sec  cm  sr  cm 

O.OlU 

0.33 

1*6 

6.3 

The  time  averaged  value  is  obtained  by  multiplying  by  the  laser  duty 
cycle  of  3 x 10 "9. 


* 


201471 


182703 

180552 

172732 

151009 


3p54»5s 

3p*4s3d 

3p*4s4d 

3p®4»2 


K* 

i 3pS4s 


601 A 


3p6ION^l  35.009 


3p64s 
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Fig.^  Simplified  energy  level  diagram  for  anti-Stokes  pumping  of  K.  The 
(left)  solid  arrow  shows  direct  pumping  to  the  continuum  of  an  inner  shell 
electron.  The  dashed  arrows  show  two-photon  pumping  via  an  intermediate 
state. 
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intermediate  state  such  as  shown  here,  instead  of  tuning  it  directly  into 
the  continuum  as  shown  by  the  solid  arrow  on  the  left  side  of  Fig.  4,  it 
should  be  possible  to  increase  the  cross  section  for  absorption  of  the  anti- 
Stokes  radiation  by  about  two  orders  of  magnitude.  This,  in  turn,  allows 
operation  at  a K density  much  lower  than  would  otherwise  be  possible,  and 
mitigates,  at  least  somewhat,  the  problem  of  the  formation  of  ground  state 
K+  formed  by  collision  with  free  electrons.! 

We  should  note  that  the  energy  required  to  cause  lasing  on  the  601  X 
line  of  K4  is  quite  small.  The  calculated  gain  coefficient  is  (2,1  x 10“^) 

N cm  , where  N is  the  density  of  the  potassium  ions.  A gain  of  c1^  in  a 
path  length  of  1 n requires  an  ion  density  of  5 x 1011  atoms/cm3.  Assuming 
a confocal  volume  of  about  1 cm3,  this  requires  an  energy  of  about  1 pj. 

This  energy  must  be  deposited  in  a time  short  compared  to  the  0.6  nsec  spon- 
taneous decay  time  of  the  K+  ion. 

Before  going  further  we  should  note  that  there  are  two  problems  associ- 
ated with  the  K-He  combination  of  Fig.  •» . The  first  of  these  is  the  forma- 
tion of  ground  state  K ions  by  autoionization  from  the  3p5lis*td  level;  the 
second  and  possibly  more  severe  problem  is  the  formation  of  ground  state  K 
ions  by  hot  electrons  in  the  discharge.  During  the  afterglow,  the  density 
of  these  ions  may  rapidly  reduce  by  formation  of  HcR'*  molecules. 

There  is  an  important  advantage  to  the  internal  or  mixed  configuration 
which,  in  a sense,  allows  the  blackbody  limitation  to  be  overcome:  to  the 
extent  that  the  product  of  the  single-photon  absorption  cross  section  and 
density  of  the  target  species  is  greater  than  the  two-photon  absorption 
cross  section  and  (ground  state)  density  of  the  storage  species,  the  anti- 
Stokes  photons  will  be  absorbed  by  the  target  instead  of  reabsorbed  by  the 
generating  species.  For  appropriate  conditions,  the  effective  anti-Stokes 
emission  rate  may  then  approach  that  of  (1). 

We  should  also  briefly  address  the  question  of  efficiency.  At  a detuning 
of  100  cm”1  from  the  Pp  resonance  line  of  He  the  cross  section  for  spontaneous 
anti-Stokes  scattering  is  6 x 10~*^  cnP,  and  varies  as  the  inverse  square  of 
the  detuning  from  the  2p  level.  Assuming  an  excited  state  He  density  of  101*' 
atoms/cm* , aim  path  length,  and  allowing  for  the  energy  conversion  gain  of 
a factor  of  3^»  the  ratio  of  anti-Stokes  power  generated  to  laser  power  in- 
cident is  about  2$.  This  assumes  that  the  media  is  kept:  (two-photon)  opti- 
cally thin,  or  that  equivalently,  as  discussed  above,  all  of  the  energy  is 
absorbed  by  the  target  species;  and  that  the  excited  state  population  is  not 
depleted. 

In  conclusion,  the  anti-Stokes  light  source  has  potential  for  producing 
radiation  in  the  VUV  and  soft  x-ray  spectral  regions  with  many  laser- like 
properties.  These  include  narrow  linewidth,  tunability,  picosecond  oper- 
ation, and  controllable  polarization.  The  source  may  provide  a valuable  tool 
foi  studying  the  spectroscopy,  fluorescent  yield,  and  autoionizing  rates  of 
inner  shell  transitions.  Its  use  as  a pump  for  VUV  and  soft  x-ray  lasers  is 
promising. 

The  author s acknowledge  helpful  discussions  with  Rogov  Falcone  and  John 
Willison. 
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